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Abstract.  Oxidation  of  low-density  polyethylene  film  v^ith  aqueous 
chromic  acid  results  in  a  material  [PE-CO^H)  having  hydrophilic 
carboxylic  acid  and  ketone  gro'.’ps  in  a  thin  oxidati  vely-functi  onal  i  zeJ 
interface.  This  interface  is  indefinitely  stable  at  rooin 
temperature.  On  heating  in  vacuum,  it  rapidly  becomes  hydrophobic  anj 
similar  in  its  wettability  to  unf  uncti  onal  i  zed  polyethylene  film,  '^le 
progression  of  the  contact  angle  with  water  from  the  initial  val.je 
(55^)  to  the  final  value  follows  Kinetics  tnat  suggest  tnat  'no 

polar  functional  groups  disappear  from  the  interface  by  diffjs’on. 

The  magnitude  of  the  appar3nt  diffusion  constant  derwed  from  tne'.o 


studies  can  be  described  approxiinately  by  an  Arrhenius  equation  over  a 
significant  portion  of  the  temperature  range  explored,  with  an 
Arrehnius  activation  energy  of  diffusion  of  ^0  kcal/mol.  Comparison 
of  the  properties  of  interfaces  composed  of  carboxylic  acid  groups 
with  those  containing  otner  species  demonstrates  that  the  structure  of 
the  interfacial  groups  also  significantly  influences  the  rate  of 
reconstruction . J^n  particular,  reconstruction  is  slow  when  the 
interfacial  functiO^H^roups  are  large  and  polar  (e.g.  esters  of 
poly(  ethyl  ene  glycol)  JHdN^hen  they  have  structures^resul  t  in  low 
solid-air  interfacial  free  energies  (e.g.  CF3  moieties).  Studies  of 
reconstruction  carried  out  with  PE-CO2H  in  contact  with  liquids  such 
as  water  and  perfl uorodecal in  suggest  that  reconstruction  is  driven 
initially  by  minimization  of  the  interfacial  free  energy.  A  slower 
process--probably  driven  simply  by  the  entropy  of  dilution  of  the 
concentrated  interfacial  functionality  into  the  polymer  interior--then 
results  in  further  reconstruction.  Contact  angle  is  much  more 
sensitive  than  XPS  to  the  reconstruction  process:  --econstruct i on  of 
that  part  of  the  interface  influencing  wetting  is  complete  before  a 
significant  change  in  XPS  signal  intensities  can  be  observed.  This 
observation  suggests  limitations  to  the  applicability  of  XPS  to  the 
study  of  phenomena  such  as  adhesion.  Experiments  with  a  fluorescent 
-■eporter  group  (dansyl)  support  the  conclusion  that  minimization  of 
the  interfdcial  free  energy  is  important  in  Jeternining  the  nature  of 
the  interface  after  reconstruction.  ATP-IR  spectroscopy  indicu.es 
that  even  after  migration  into  the  film,  all  of  the  carboxylic  acid 
groups  of  PE-C02h  accessible  to  aqueous  base:  that  is,  that  the 
thennally  reconstructed  interface  has  the  wetting  properties  of 
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unfunctional i Z2d  polyethylene  but  that  the  functional  groups  situated 
a  short  distance  from  the  polymer-water  interface  can  exchange  ions 
with  bulk  water.  Thermally  reconstructed  PE-CO2H  is  thus  a  new  type 
of  thin-film  ion-exchange  resin.  Samples  that  had  previously  been 
reconstructed  by  heating  in  vacuum  could,  to  a  limited  extant,  be  maJe 
to  become  hydrophilic  again  by  heating  in  water.  As  the  length  of  tha 
initial  heating  period  increased,  the  ability  to  "recover"  the  polar 
groups  was  lost.  Survey  experiments  on  other  interfaci al ly  modified 
polymers  (for  example,  polypropylene  treated  with  an  oxygen  plasma) 
indicate  that  the  type  of  reconstruction  examined  in  this  paper  is  not 
confined  to  PE-CO2H  and  its  derivatives. 
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IntroducUon 

Oxidation  of  low-donsity  polyetnylone  film  with  aqjious  chromic 
acid  solution  yields  a  material  having  carboxylic  acid  and  ketone 
(alilenyde)  groups  in  a  thin  incerfjcial  layer. 6"**  We  cull  tnis 
material  polyethylene  carboxylic  acid  VPE-CO2H)  to  emphasize  the 
do(ninant  contribution  of  the  carboxylic  acid  loieties  to  its 
interfacial  properties,  even  though  both  carboxylic  acid  and  ketone 
groups  are  present.  The  interface  of  unoxidized  polyethylene  ',PE-H, 
is  hydrophobic  (the  advancing  contact  angle  of  water  on  it  is  0^  = 
103°);  the  interface  of  PE-CO2H  relatively  hydrophilic  (0^  = 

55°).^  Previous  studies  have  examined  in  detail  the  ionization  of  the 
carboxylic  acid  groups  of  PE-CO2H  as  a  fjnction  of  and 

demonstrated  the  utility  contact  angle  measurements  as  a  method  fjr- 
studying  this  ionization  and  other  interfacial  reac  1 1  ons 

■^he  hydrophilic  character  of  the  interface  of  PE-C02d  's  retained 
essentially  indefinitely  'months  to  years)  at  room  temperature.  Jn 
heating  ( T  =  35  -  110  °C)  the  interface  of  PE-C02h  becomes 
hy  dropnobi ,  its  final  state  is  indistinguishable  frcxm 
unfuncti  onal  1  zed  polyethylene  in  us  wettability  and  m  certain  other- 
interfacial  properties.  The  objective  of  this  paper  is  to 
characterize  this  thermal  reconstruction ;  What  mol ecul ar- 1 evel 
processes  are  responsiole  for  ..onversion  of  the  hydrophilic  interface 
of  freshly  prepared  PE-C02^  to  a  nydrophobic  interface  during  heating, 
and  ./hat  energetic  factors  drive  these  processes' 

The  only  oxygen-conta  1  ni  ng  functional  groups  present  in  PE-Cl2f^ 
are  a  3:2  mixture  of  carboxylic  acids  and  ketones. Only  a  fraction 
'perhaps  30'i)  of  the  functional  groups  present  in  PE-C02ii  ‘^'^t 


part  of  the  interface  that  determine  wetting  by  short-range 
1 nteracti ons .5  All  of  the  functional ity  in  che  oxidized  interface  is, 
however,  accessible  to  reagents  in  aqueous  solution:  in  particular, 
jll  of  tne  '.arboxylic  acid  groups  of  PE-CO2H  v,an  be  titrated  witn 
aqueous  hydroxide  ion.^"^  Our  current  model  for  the  structure  of  the 
interface  of  PE-CO2H  is  one  in  v/hich  the  majority  of  the  polyethylene 
chains  reaching  the  interface  terminate  in  carboxylic  acid  groups,  and 
in  wnich  tnese  fun^tijnul  groups  are  restricted  to  a  thin  ;c20  n) 
layer.  The  underlying  polymer  is  a  mixture  of  crystalline  and 
anorpnous  '‘egions.'^^  we  see  little  evidence  for  different  classes  of 
interfacial  groups  reflecting  these  ^crystalline  and  noncrystal  1  1  ne 
regions.  As  a  first  approximati on,  we  .onsider  tne  f unct 1  on a  1 1  zed 
interface  of  tne  pol /ner  at  room  temperature  to  be  a  /iscous  jlass. 
:./en  the  s.nal  1  .^S  A  mot'ons  that  transfer  groups  fri>n  tnat  part 

tne  interphase  tnat  'nfluences  contact  angle  tne  'conta-t  angli 
interpnaie'  or  '1  interpnuse'  into  the  deeper  part  of  tne  'ntarprijs* 
that  foes  not  infljence  .ontact  angle  the  ' sub- .ontact  angle 
interphase'  or  'sub-a  'nterpnase'  seen  to  ;oe  /ery  >low  at  rjoin 
tenperatjre.  At  temperatures  ^lose  to  the  melting  pomt  of  the 
polymer,  the  rate  of  tms  transfer  neco<iies  rapid. 

In  studying  the  thermal  r^ronstrj^ti on  of  the  ox'lat’.e  v 
^  unc  1 1  ona  1  1  zed  interface  of  PE-zItH  we  wi  sn  to  estaD'i^n  ,e«erj 
points:  First,  how  staple  is  tms  interface'  -low  '-ap’ ji  y  joes  'it- 
re^onst  r  jc  1 1  on  rxcur,  and  what  is  tne  lependen^,e  ^  cn's  ra-e  z'  •  u. 
character  1  St  1 cs  of  the  functional  groups  present  m  the  interface' 

Tms  information  is  clearly  critical  to  any  uses  of  PE-.J^H  and  ’  t  ^ 
derivatives  as  substrates  for  interfacial  chemistry,  second,  what  o'- 
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the  machanisns  of  the  processes  that  result  in  changes  in  properties 
of  PE-CO2H  on  heating.^  Do  these  changes  involve  transformations  or 
loss  of  interfacidl  functional ity,  or  migration  of  this  functionality 
into  the  interior  of  the  poly^T^er:*  What  is  (are)  the  driving  force(s; 
for  these  processes/  We  envisage  three  limiting  mechanistic 
alternatives:  passive  diffusion  of  the  polar  functionality  away  f’-on 
the  interface  and  toward  the  interior  of  the  polymer,  expulsion  of  tne 
polar  functionality  from  the  interface  to  minimize  interfacial  free 
energy,  and  move-Tient  of  polar  functionality  into  the  interior  as  a 
'■esult  of  Tiovement  of  polymer  jnains  reflecting  either  relief  of 
strain,  crys  t  a  1  I  1  za  1 1  on  ,  random  .ham  movement.  Thmo,  now 
sensitive  a-^e  different  analytical  techniques  to  the  movement  of 
fjnctional  jrjups  away  f^'orn  tne  interface  of  the  polymer'  we  we'‘e 
oost  interested  m  .omparisons  of  two  surface-selective  tecnni  :)jes 
leusjrement  so' 1  1  .ontact  ang'es,  and  <ps  ‘ZclA  .  itne'- 

analyti.a'  'etnn'jjes  iSe*!  m  tn’s  worx  - -AfP- ;p,  Jores.en^.e 
>ue  .  t  r  JS  .  jpy  -  -  a'e  iSe^il  ;  it  n^at  '_ht 1  ns  sens' t’<e  tv  tn^ 

.jos'tmn  )f  tne  ^jnct'jna'  d^oup  wUn  '"esoect  ta  the  mte'-^ace  i*  t  n  - 
00  yme-"  .  wetting  '^eflects  ^.'  imaniy  snort-^ange  for.es,  out  tne-'e  m 
■1  j  adequate  iol  ecu!  ar- '  evel  nodel  )f  wettmg  ^or  '-eal  j'  nete-  ogeneo  .  > 
later  1  a  !  s  ‘  <Pj  'S  a  'ecnn-^^je  wirvse  ah  '  '  1 '  /  t.  r>  •■t'',  j-.e 

ij-'^ace  f^om  sjOSurfj>.e  ^mpositij'"  ’s  letermmed  Oy  *  ^  '  ♦m’te  -•>  j./e 
:epth  '•ojjn  y  *)0  *  m  o<o  yet n / 1 -“ne  jf  tne  ejected  onj*  je  ect''.n,  ri 
me  je'>'>et''y  if  tne  letector  ^e'afve  tj  the  sample.'''  ^)u'"th,  wnat 
are  the  possmle  syntneti-  app' 1  cat' on<,  of  therma  if  face 
fee onstruc 1 1  on.  ’’his  type  if  process  can,  m  pfin.  pie,  prov'Je  a 
oetnod  of  preparing  a  new  .lass  jf  polynef’c  natefia'  tnjt  's.  jn-^ 


having  a  wide  variety  of  organic  functional  groups  close  to  out  not 
exposed  at  its  surface.  How  can  thennal  reconstruction  Pe  best  used 
to  prepare  such  natenals.''  Fifth,  what  can  be  learned  froni  therTial 
''econstr  jct  i  on  concerning  the  co^iposi  ti  on  and  structure  of  the 
functional  1  zed  interfacial  laye'^.''  Because  PE-CO^H  is  so  convenient  us 
a  starting  -naterial  to  use  in  physical-organic  studies  in  interfacial 
cheinistry,  we  would  .ixe  to  try  to  define  its  functionalized 
1 nterf dce--espec 1 al 1 y  tne  three-dimensional  distribution  of  functional 
groups  in  tm s  i nterface-- in  as  nuch  detail  as  possible.  Studies  of 
interfacial  reconstruction,  and  comparison  of  reconstructed  and 
jn'-ec  jnstr  j.,t  ed  interfaces  is  relevant  to  this  objective. 

'Ts  paper  concentrates  on  reconstruction  resulting  from  neating 
an]  'ts  ieri/atwes  to  temperatures  at  which  the  underlying 
PoV^-''  softens.  Evidence  presented  in  the  following  sections 
'•i]:.a'.es  tnat  ru(_ jns t rue 1 1 on  proceeds  m  two  stages.  First,  a  '■apid 
•"-^arr  an  gement  of  tne  oxidized  interface  has  the  effect  of  moving  nost 
jf  .ne  ♦jn.tional  grjups  iway  from  tne  contact  angle  interpnase;  we 
oe' '  ove  this  small-scale  rearrangement  is  governed  by  minimization  ot 
tne  iolM-vapor  interfacial  free  energy.  Second,  a  slower  process 
■esuits  'n  large-scale  movement  >10  X]  of  the  functional  groups  'ntu 
tne  inter!  jr  jf  the  polymer. 


^yntnepc  technjgues 

° o' yet ny 1 ene .  Host  of  our  work  used  commercial  low  Jens’ty 


J.32  g/ mL  '  biaxial  ly  oriented  polyetnylene  film. 


1  n ' s  nater I  j 


PE-h;  was  prepared  for  reaction  by  removing  antioxidants  and  otner 
additives  oy  extraction  witn  nethylene  cnlonie.'^  ^or  experiments 
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which  we  wished  to  explore  the  effect  of  residual  strain  in  the 
polymer  on  the  rate  of  interfacial  reconstruction,  we  used  film  in 
which  the  residual  strains  remaining  from  the  manufacturing  process 
were  el  iini nated  or  reduced  by  annealing,  either  before  or  after 
extraction,  by  heating  under  argon  at  100  °C  for  5  days. 

We  also  conducted  a  limited  number  of  experiments  using  ultra- 
nigh  molecular  weight  polyethylene  (UHMW,  =  0.98  g/mL),  obtained  as  a 
rigid  sneet . 

Ox^dati^on.  All  oxidations  were  conducted  using  the  aqueous 
cnromic  acid  solution  of  the  composition  used  previously 
;  Cr03/'H9S04/H20  =  29/29/42;  w/w/w).^  Oxidations  were  conducted  for  60 
s  at  12  °C  to  produce  PE-C02ri,  or  for  13  min  to  produce  a  more  heavily 
etched  material.  Previous  studies  of  oxidation  of  polyethylene  film 
have  snown  that  these  two  treatments  lead  to  materials  with  the  same 
wetting  characte''istics.^  The  interfacial  morphology  of  the  sample 
oxidized  tor  50  sec  is  similar  to  that  of  unoxidized  polyethylene;  the 
sample  oxijized  for  a  longer  interval  is  rougher  (as  suggested  oy 
photomicrographs  having  resolution  limited  to  '-1000 

Inemical  Den  vati  zati  on  and  Sample  Manipulation.  We  have  worxed 

h.  ^  W  *V.  \  \  \  \  \  %  h.  \  A,  X  A.  \  V  V  \  \  \  %  W  %  W  \  "t  h,  V  \ 

with  a  ninber  of  derivatives  of  PE-C02h.  Some  of  the  synthetic 
nethods  used  in  tm  s  wO'^x  a^-e  summarized  in  Scheme  1.  Most  of  tnese 
synthetic  methods  nave  oeen  Jetailed  prev  i  ous  1  y .  ^  '^he  inte'^face  of 

j«';'Zid  po'yetny'ene  is  ''es’stant  to  .ontaminat  i  on  oy  'ipurities  'n 
tne  ’joj''itjry  it'isonere.  janples  were  handled  ’n  the  open 
:  ID  O'"  at  Of'y ,  Ojt  we-'e  not  o«posed  to  the  'aDoratory  atoospnere  'on;e'- 
tnan  was  necessary,  ^ney  were  stored  jnder  jry  ine^t  jas  m  a 
lessicaton.  ’’neso  saoo  ^s  na.e  o’ Su  '•'SStan'  to  '.and>^t'  < 


Scheme  1.  Reactions  used  to  modify  the  interface  of  polyethylene 


.Tiechdnicdl  stress.  They  .<ere  nandled  carefully  using  needle-point 
tweezers,  and  measu regents  of  interfacial  properties  were  carried  out 
jn  regions  that  had  not  been  touched  by  tiie  ^nani  pul  ati  ng  instruments. 

'lonencl  ature.  In  this  paper,  as  previously, defining  the 
functionality  present  in  the  interface  of  polyethylene  is  a  cumbersotne 
task.  We  will,  in  general,  ignore  the  ketone/ al dehyde  functionality 
present  on  PE-CO2H.  We  note  only  that  PE[CH20H],  and  derivatives  of 
it,  contain  both  primary  and  secondary  hydroxyl  species,  resulting 
from  the  reduction  of  carboxylic  acid  and  ketone  groups 
respectively.  We  will  designate  the  functionality  present  in  the 
interface  using  a  simple  nomenclature;  PE[R]  designates  a  material  in 
which  the  carboxylic  acid  groups  introduced  during  the  initial 
oxidation  have  been  converted  into  the  group  R. 


Reconstruction  of  the  Interface  of  PE-COpH  on  Heating:  Contact  Angl 

h- -w  \  \  ^  X  \  \  %  X  t  \  X  X  X  \  X  %  ^  X  X  X  %  V  %  “VU  X  C  V  "U  ^  ^  %  V  “W  %  *0  V  V  V  V  ^  \  V  V  X  \  ■C  V 


and^XPS 


We  itave  discussed  the  techniques  used  to  measure  contact  angles 
of  water  on  the  functionalized  interfaces  of  PE-CO2H  its 
derivatives,  and  especially  contact  angle  titration--that  is,  the 
measurement  of  contact  angle  as  a  function  of  pH.^  Detailed 
interpretation  of  contact  angles  in  these  systems  in  terms  of 
interfacial  free  energies  is  complicated  by  the  fact  that  the  contact 
angles  show  very  large  hysteresis:  the  advancing  angles,  that 
form  the  basis  for  most  of  this  paper  are  stable  and  reproducible, 
provided  that  the  relative  humidity  over  the  sample  is  controlled  at 
100%.  Retreating  contact  angles,  are  usually  zero  for  polar 
derivatives  of  PE-CO2H,  and  the  drop  edge  seems  to  be  effectively 
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pinned.5  Tie  advancing  contact  angle  shov/s  onlymnor  sens':'.!'./  ■. 
sa.iple  /ibration,  or  drop  size.^  Further,  in  instances  !n  wn;:''  ■* 
possible  to  compare  results  inferred  from  measurement  of  oonoac:  - 

with  those  from  IR  or  fluorescence  spectroscopy,  the  agreement  is 
good.^’^  Nonetheless,  the  large  hysteresis  indicates  that  :ne  :on:j_: 
angle  is  not  measuring  a  system  at  thernodynamic  equilibrium,  .je  no.e 
not  yet  established  whether  the  origin  of  the  hysteresis  lies  in 
interfacial  heterogeneity,  in  interfacial  roughness,  or  in  some  otne-- 
phenomenon  such  as  swelling  of  the  interphase  in  contact  with  liquU 
water. 

In  initial  studies  of  the  thermal  reconstruction  of  the  interface 
of  PE-CO2H  3nd  its  derivatives,  we  subjected  samples  to  controlled 
temperatures  under  vacuum  or  an  inert  gas  for  intervals  of  time,  and 
then  measured  the  contact  angle  of  water  on  these  samples;  the  content 
of  oxygen  in  the  interface  v/as  also  measured  using  XPS. 

Figure  1  shows  the  change  in  the  contact  angle  of  water  on 
PE-CO2H  as  a  function  of  the  time  the  polymer  had  been  heated  at 
100  °C  under  vacuum  (0.01-1  torr)  and  dry  argon  (inside  an  Abderhalden 
drying  pistol  jacketed  with  refluxing  water)  prior  to  examination, 
values  of  9^  are  given  both  for  water  at  pH  1  and  at  pH  13.  The 
contact  angle  at  pH  13  is  lov^r  than  the  contact  angle  at  pH  1  due  to 
the  conversion  of  the  interfacial  carboxylic  acid  groups  to  more 
hydrophilic  carboxylate  anions.^  We  have  previously  demonstrated  tnat 
conversion  of  interfacial  carboxylic  acid  groups  to  carboxylate  ions 
not  only  lowers  the  contact  angle,  but  may  also  be  accompanied  by 
reconstruction  of  the  0  interphase. 3  We  presume  that  this 
reconstruction  is  driven  by  solvation  of  the  carboxylate  ions.  The 
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Figure  1.  Top:  The  advancing  contact  angle  (0^)  of  water  on 

PE-CO2H  as  a  function  of  the  time  the  polymer  had  been 
heated  at  100  ®C.  Samples  were  heated  in  vacuum  or 
under  argon  prior  to  determination  of  83  using  water  at 
either  pH  1  or  pH  13.  The  value  of  6^  on  PE-H  does  not 
change  under  these  conditions.  Bottan:  The  normalized 
XPS  (ESCA)  0^3  signal  intensity  obtained  from  PE-CO2H  as 
a  function  of  time  at  106  “C.  Samples  were  heated  under 
argon  prior  to  examination  by  XPS. 
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I 

I 

contact  angle  of  water  at  pH  1  on  polymer  samples  heated  for  5  min  is  ' 

the  same  as  that  observed  on  unoxidized  polyethylene  (103°);  the  j 

I 

contact  angle  of  water  at  pH  13  has  only  reached  32°  after  the  polymer  | 

has  been  heated  for  5  min.  l/e  suggest,  and  will  demonstrate  in  later  | 

sections,  that  after  the  polymer  has  been  heated  at  100  °C  for  5  min,  j 

the  interfacial  functional  groups  are  a  few  angstroms  under  the  ' 

surface.  The  drop  of  water  at  pH  1  is  unable  to  sense  these  buried 

I 

CO2H  groups,  but  the  drop  of  water  at  pH  13  is  apparently  influenced  J 

I 

oy  the  COo"  groups,  either  through  long-range  interactions  involving 
the  electrostatic  charges  or  through  reconstruction  of  the  interfacial 
layer,  exposing  some  of  the  charged  groups  in  the  9  interphase. 

Figure  1  also  follows  the  disappearance  of  the  functional  groups 
fro(n  the  interfacial  region  by  monitoring  the  XPS  oxygen  signal 
intensity  after  heating  at  106  °C;  although  the  temperatures  used 
with  the  two  sets  of  experiments  displayed  in  this  Figure  are  slightly 
different,  the  two  are  comparable.  As  the  duration  of  heating 
increases,  the  0^^  signal  decreases  in  intensity.  The  rate  of 
disappearance  of  the  oxygen  signal  is,  however,  much  slower  than  the 
cnange  in  the  contact  angle  at  approximately  the  same  temperature 
'igure  1).  We  attrioute  this  difference  in  the  apparent  rates  of 
reconstruct i on  to  the  different  depth  sensitivities  of  XPS  and 
wetting.  XPS  samples  functional  groups  within  approximately  the  top 
51  ^  of  tne  polymer,  although  oust  of  the  signal  probably  originates 

O 

’n  tne  top  25  A  or  less,  wetting  s<»iiples  a  much  thinner  section  of 

O  O 

tne  interface  less  than  1  A,  and  probably  <  5  A)  .  Thus,  as 
functional  groups  move  away  from  the  thin  9  interphase  into  the  deeper 
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regions  of  the  polymer,  they  pass  out  of  that  region  sensed  by  .netting 
well  before  they  pass  out  of  the  thicker  region  sensed  by  XPS. 

We  believe  that  the  residual  0^^  signal  remaining  after  1000  min 
can  be  attributed  to  film  contaminants  (such  as  antioxidants)  blooming 
to  the  surface.  These  contaminants  can  be  seen  in  ATR-IR  spectra  of 
heated  PE-H  and  PE-CO2H  (see  below).  In  later  sections  we  follow  the 
reconstruction  of  samples  containing  other  atomic  labels  using  XPS  at 
various  take-off  angles. 

Thermal  Reconstruction:  ATR-IR 

We  assumed  in  the  above  analysis  that  the  functional  groups 
disappear  from  the  0  interphase  by  migrating  into  the  polymer,  rather 
than  by  reacting  or  volatizing.  We  tested  this  assumption  using 
Attenuated  Total  Reflectance  IR  spectroscopy  (ATR-IR).  Although  ATR- 
IR  is  a  surface  selective  form  of  IR  spectroscopy,  it  penetrates  a 
much  thicker  region  of  the  interface  than  either  XPS  or  wetting 
(10,000  \  or  more)  and  thus  is  expected  to  sense  all  but  the  deepest 
groups  in  the  functionalized  interface. Figure  2  shows  the  carbonyl 
region  of  ATR-IR  spectra  of  several  polyethylene  samples.  The  virgin 
film,  before  extraction  with  methylene  chloride,  contains  several 
peaks  in  the  region  between  2000  and  1500  cm"l.  We  attribute  these 
peaks  to  additives  (antioxidants,  slip  agents,  antistatic  agents)  that 
are  added  to  the  film  during  manufacture.  After  extraction  of  the 
film  with  refluxing  methylene  chloride,  these  peaks  disappear. 
Annealing  a  sample  of  extracted  film  for  1000  min  at  100  “C  causes 
them  to  reappear.  Reextraction  largely  removes  them.  Oxidation  of 
the  polymer  with  chromic  acid  results  in  a  large  absorption  at  1710 


ATR-IR  spectra  of  the  carbonyl  region  of  derivatives  of 
PE-H.  Since  absolute  absorbances  are  influenced  by  many 
experimental  parameters  (e.g.  the  degree  of  contact 
between  the  film  and  the  KRS-5  crystal),  only  rel ati ve 
peak  Intensitives  within  a  single  spectrum  can  be 
quantitatively  compared. 
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cm‘l,  which  we  have  previously  attributed  to  the  interfacial 
carboxylic  acid  and  ketone'aldehyJe  groups.^  Treatient  of  this 
interface  with  aqueous  base  results  in  a  shift  of  the  carboxylic  acid 
peax  to  '.560  c:n'-,  but  leaves  the  ketone/ al dehyde  peak  unchanged. 

When  a  sample  of  PE-CO2H  is  heated  in  vacuum  at  100  "C  for  1000 
Tiin--a  time  sufficient  for  the  change  in  contact  angle  to  be  coiiipleted 
(1-2  nin)  and  for  the  XPS  (0^5)  signal  intensity  to  decrease  by 
approximately  80‘i--tne  intensity  of  the  ketone  and  carboxylic  acid 
peaks  in  tne  ATR-IR  spectrum  do  not  change  appreciably.  This 
observation  establishes  that  the  change  in  the  wettability  of  the 
interface  and  in  the  XPS  signal  intensity  is  not  due  to  reaction 
or  to  evaporation  of  j  volatile  component:  the  functional  groups 
remain  in  the  interfacial  region  sensed  by  ATR-IR.  Examination  of  the 
peaks  present  after  heating  PE-CO2H,  and  comparison  of  this  spectrum 
with  that  obtained  on  heated  PE-H  (heated  after  extraction;  Figure  2) 
suggest  that  some  of  the  film  additives  have  bloomed  to  the  interface 
and  contribute  to  the  IR  intensity  (the  shoulder  on  the  peak  at  1710 
cm"'^  and  the  peak  just  below  1640  cm"*).  Despite  the  quantitative 
uncertainty  caused  by  this  observation,  the  important  concl usion--tliat 
the  disappearance  of  polar,  oxygen-containing  functionalities  from  the 
interface  on  heating  is  due  to  diffusion  of  these  functionalities 
deeper  into  the  polymer--is  certainly  valid. 

Figure  2  also  shows  the  ATR-IR  spectrum  of  a  sample  of  PE-CO2H 
after  thermal  reconstruction,  followed  by  treatment  with  aqueous  base 
(pH  14).  The  intensity  of  the  peak  at  1560  cm"^  in  this  sample 
relative  to  that  at  1710  cm"^  indicates  that  the  majority  of  the  I 

carboxylic  acid  groups  can  still  be  deprotonated ,  even  though  they  are  j 

'i 

I 


now  below  the  <3  interphase  and  the  region  sensed  by  XPS.  Quantitation 
of  the  fraction  of  carboxylic  acid  groups  that  deprotonate  on 
treatment  with  base  is  difficult  because  the  absorbances  due  to 
contaminants  in  the  film  partially  obscure  peaks  of  interest,  but  we 
note  that  the  ratio  of  the  integrated  absorbance  at  1560  cm'^  (002* 
groups)  to  that  at  1710  cm"^  (ketone  and  CO2H  groups)  is  the  same  in 
heated  and  unheated  samples  (approximately  0.75).  The  ability  to 
deprotonate  these  functional  groups  without  influencing  the  contact 
angle  interphase,  which  we  believe  to  be  only  a  few  angstroms  away,  is 
an  important  clue  to  the  nature  of  the  reconstructed  interphase:  the 
functional  groups  in  it  are  accessible  to  aqueous  base,  but  are  not  in 
sufficiently  direct  contact  with  the  liquid  to  influence  the  contact 
angle. 

As  a  control  ,  Figure  2  shows  the  ATR-IR  spectrum  of  unheated 
PE-CO2H  that  had  been  soaked  in  neat  butyric  anhydride  for  4  hours. 

The  new  peaks  present  at  1815  and  1750  cm'^  are  indicative  of  an 
anhydride  group,  and  are,  we  believe,  due  to  butyric  anhydride 
dissolved  in  the  film.  The  absence  of  peaks  characteristic  of  the 
anhydride  moiety  from  the  spectrum  of  PE-CO2H  after  heating 
demonstrates  that  the  formation  of  anydrides  by  elimination  of  water 
into  the  vacuum  is  not  a  significant  process  under  these  conditions. 


Annealing  PE-H  Before  Oxidation  Does  Not  Change  The  Rate  of  Thermal 
Reconstruction  of  the  9  Interphase  of  PE-COoH. 

To  establish  whether  release  of  strain  remaining  from  the 
manufacturing  process  contributed  to  the  reconstruction  of  the 
functionalized  interface  of  PE-CO2H,  we  examined  samples  in  which 
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these  strains  were  eliminated  or  reduced  by  prior  annealing.  Before 
oxidation,  but  after  extraction  in  refluxing  CH2CI2.  Heated  sa.iiples 
of  PE-H  for  5  days  at  100  °C.  It  is  not  clear  that  all  manuf acturi ng 
strain  would  be  eliminated  by  this  treatment, ^2  Tnis  treatment  is, 
however,  enough  to  allow  the  types  of  movements  involved  n 
reconstruction  of  PE-CO^H  to  take  place  many  thousands  of  times 
(reconstruction  of  the  contact  angle  interphase  takes  only  a  minute  or 
two  at  this  temperature).  Figure  3  compares  changes  in  the  contact 
angle  with  time  for  samples  of  PE-CO2H  prepared  frooi  annealed  and 
jnannealed  film,  and  establishes  that  there  is  no  significant 
difference  between  these  samples.  Film  samples  (PE-H)  that  had  been 
annealed  for  5  days  at  100  °C  (vacuum)  prior  to  extraction  and 
oxidation  also  exhibited  reconstruction  at  a  rate  similar  to 
unannealed  PE-CO2H.  We  conclude  that  residual  strain  from 
manufacturing  is  not  important  in  reconstruction  of  the  interface  of 
PE-CO2H. 

This  figure  also  gives  data  for  reconstruction  of  the  9 
interphases  of  two  other  samples.  One  was  obtained  by  first  heating 
PE-CO2H  in  distilled  water  (pH  6-7)  at  100  "C  for  1  h  (a  process  that 
does  not  result  in  reconstruction  of  PE-C02l^-  ^ee  below),  followed  by 
drying  and  thermal  reconstruction  at  65  "C  in  vacuum.  The  second  was 
a  sample  of  PE-CO2II  which  the  chromic  acid  oxidation  was  allowed  to 
proceed  for  10  min,  rather  than  the  usual  1  min.  This  treatment 
produces  a  heavily  etched,  rough  interface,  and  exposes  deeper  regions 
of  the  polymer  film.  The  change  in  contact  angle  with  time  for  both 
samples  was  indistinguishable  from  that  of  PE-CO2H  prepared  by  our 
standard  procedure.  We  conclude  from  these  experiments  that  the 


I  PE-COOH  n  PE-C00H{H,0.  1  h.  100  “  C) 

I  PE-COOH  ^ 

(from  ann8»l*d  PE-H)  [j  PE-COOH,  10  min  oxidation 


t  (min) 


Effects  of  pretreatments  of  PE-CO2H  on  the  chanye  in  the 
contact  angle  of  water  (pH  1)  after  heating  in  vacuum  at 
65  "C.  Pretreatments ;  H  ,  no  pretreatment;  Q  , 
heated  i  h  at  100  °C  In  distilled  water  (pH  6-7)  prior 
to  heating  under  vacuum;  ^  ,  PE-CO2H  made  from  PE-H 

that  had  been  preannealed  at  100  “C  in  vacuum  for  S  days 
prior  to  oxidation;  QJ  ,  PE-CO2H  that  had  been  oxidized 
for  10  min  instead  of  the  usual  1  min.  The  filled 
circle  at  t  =  0  indicates  that  all  of  the  samples  had  9^ 
*  54-57®  before  heating  in  vacuum. 
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oxidation  Itself  does  not  introduce  ;  or  '-eveal',  strain  in  tne  sa'np’e 
whose  release  drives  the  reconstruction  of  tne  =  mte'-pnase. 

Teiperature  Di^pendence  of  the  Rate  of  Reconstr  jct  i  on  :ne  n 

*W  \  \  -V  X  -V.  "U  'w  S.  V  *U  'U  *.  W  X  \  T.  V-  *v,  X  V  X  \  X  X  X  X  X  X  X  X  *.  X  X  X  X  X  X  X  X  X  X 

Interpnase 

X  X  X  X  X  S  X  X  X  X 

We  nave  followed  tne  reconstruction  p^  tne  ^  inter^riase  :* 
PE-C02^  following  the  /ariation  in  contact  angle  witn  : -ne  ‘O'- 
samples  iield  at  tne  chosen  temperature  in  .acujn  ,-igure  4  .  All 
measureinents  were  conducted  using  water  at  pH  to  avoid  tne 
coiTipl  i  cat  1  ons  from  interfacial  reconstruction  tnat  seem  to  accompany 
irnization  of  the  carooxylic  acid  groups  at  pH  13.^  As  tne 
temperature  is  reduced  tne  time  requT'ed  to  reconstruct  tne  interface 
increases.  The  general  Shape  of  these  curves  and  the  I’mit-ng  tontac 
angle  attained  =  103°)  after  complete  reconstruction  of  .ne 
interface  is  the  same  for  all  temperatures  examined,  'nis  simi'a’-ity 
suggests  tnat  similar  mol ecul ar- 1 evel  processes  cause  reconstruction 
at  nigh  and  low  temperatures. 

We  have  analyzed  data  of  tne  type  in  Figure  4  sem i g^ant 1 1 at i v e \v 
using  a  nighly  idealized  model  of  tne  inter-^ace.  In  tms  model,  we 
assume  that  the  polar  functional  groups  are  'nitia'ly  'ocalized  in  a 
very  tnin,  uniform  layer  ^-'gure  5',  and  tnat  tnese  ‘^njt'ona'  ;'"OjPs 
do  not  interact  with  one  anotner.^'^  Reconst’*uct  i  on  o*  tne  inta'-face 
IS  treated  as  thermally  activated  dif^jS’on  o^  tne  po'a’'  *Xn:t-onai 
groups  along  the  concentration  gradient  and  'nto  tne  deeoe’"  '■eg'jns  o 
tne  polymer.  Since  tne  pol  vme'-  is  ve'-y  tnicx  tonpa'-ed  wtr  tne 
original  interfacial  laye'-,  tne  density  of  po'a'"  g’"Oups  •'ema'n’ng  -n 
tne  f  interpnase  drops  to  ze-'o  at  long  t'mes.  ’’ne  pel, .me'-  -s 
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Figure  4.  The  contact  angle  of  »#ater  (pH  1)  on  PE-CO^H  as  a 
function  of  time  of  heating  in  vacuum  at  various 
temperatures  (”0.  The  filled  circle  at  t  =  J  irid':ates 
that  all  samples  had  »  55-57®  prior  to  heating. 


but  that  do  not  •'.now  pf'ecisely.  at  an  a'"0't''a''y 
total  number  of  fjnctiona’  ^rojps  tnat  a-'o  ’n  tn^ 
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4,  tne  terns  are  nornalizeJ  "area  f-'actions''  of  tne  inoer-fj:^ 
'•04  oy  tne  '"jnct’onal  ir-oap  ^  .equivalent  to  voluie  fractions  ■ 

'  jn  ,  3"':  .ne  te-n  •  ^  ,  's  tne  nterfaoial  free  ener'qy  an 

‘3.:-  jn'y  tne  ^'jntt^onal  jra'jp  i.  ;f  all  of  tne 

n’ 3  .o'iu-''i'nj  tne  'nterface  nere,  nethylene, 

■>  3.':,  ant  -et^ne  a'tenyte  nave  approxToately  the  sa-ne 

1-  ■>  t-3  -^^a'  to  ^1  tne  nornal  1  zeJ  fraction  of  tne 

i  '  'n  tne  3  -nterphasej.  with  tnese  assumptions,  '-he 

•  3",  "  't  j'.en  t: y  eq  5.  "o  reduce  the  proplem  further,  we 

-  f-at  ‘'3  '"ter-^ace  ’s  conposed  only  of  polar  (P,  e.g.  CO2H)  ^nd 

3'  ‘’'4  r.,.  :-^.2  qrojps.  with  this  assumption  [ eq  6),  we  can 

;n  e-pr-ess'jr  r.  ^  -n  terns  of  the  observable  values  of  cos 

-  J  >  -  (3 

.  ,  "e  .ane  at  t  =  0,  cos  the  value  at  time  t,  and 
'."le  .a  je  of  tne  fully  reconstructed  system.  The  parameter 
.  3  ".j’nd'i  zed  value  of  cos  it  goes  from  f^Qg  0  =  1  at  t  = 

♦  ^  '  at  t  =  «.  Since  essentially  no  polar  groups  will  be 

'  t'TH  •  •nte'^'^ace  in  tne  fully  reconstructed  system,  =  0. 
t^fjn  of  tne  r-esulting  eq  3  into  eq  2  yields  an  expression 
'4  ""  js  -  3nd  3  ,  eq  9).  Carrying  out  the  integration  indicated 
■f  yeiJs  e:)  ID  and  11.  Evaluation  of  eq  11  at  the  time  tj^/2 
"ec  ''i''  ..  to  "each  0.5  gives  eq  12  and  13:  these  equations 

oe  a  ^se*j'  approxnate  method  for  estimating  D.  Equation  10 
-s  '.re  ^rar^^e  rn  cos  3^  to  the  error  function  (erf)  of  the 
;:"s*ant’*.  Equation  11  indicates  that  a  plot  of  the 

‘^nct'jn  of  tne  change  in  cos  vs  l/(t)^''^  snould  oe  a 
-ne  w'tn  s’ooe  equal  to  X0/(4O)^''2.  Further  simplification 
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/'elJs  eq  12,  which  relates  0  to  the  time,  ti/2«  f'eqiJif'ed  to  reach 
*■'  =  0.5.  Numerical  evaluation  of  eq  12  yields  eq  13. 


*  1;' (’'Dt)  *'''^exp(-x^/4Ct)  dx  (9) 

V,-  --  erf[x_/'40t)'^^2]  (10) 

-  J  ^ 

"  :x../;4D)^''^][i/t]^/2  ;ii) 

:  -  *2  _2  erf-*(l/2)]2ti/2)  (12) 


(13) 


=  ioexp-E^^Q/RT) 


i  =  In  i~^ - .)  >  In  t 

1.09  x/ 


(U) 

(15) 


0  's  assumed  to  be  a  thermally  activated  process  following  the 
equation  and  having  activation  energy  (kcal/mol)  and 
ee ' oonenti al  factor  (having  units  cm^/sec)  (eq  14),  combination 
.*  eq  13  and  14  yields  eq  15. 

> ’ Jure  5  shows  a  plot  of  erf”l  [f^Qj  g]  vs  l/(t)^^^  for  three 
■'.'■esentati ve  temperatures.  These  curves  deviate  from  straight  line 
orinarily  at  small  values  of  t  (that  is,  for  large  values  of 
,  tnese  deviations  occur  over  approximately  the  first  10-20% 
,*  -.oe  :ndnge  m  cos  (that  is,  the  first  10-20%  of  changes  in 
•  .  -t  these  small  values  of  t  the  extent  of  reconstruction  is 


larger  than  would  have  been  predicted  based  on  the  remainder  of  the 
reconstruction  process.  We  emphasize  that  the  deviations  are 
relatively  slight  when  expressed  in  units  of  f^^^  9.  The  maximun 
deviation  between  the  predicted  straight  line  and  the  data  points  is 
less  than  f^^^  9  =  O.l,  or  <10%  of  the  total  change  in  cos 

The  origin  of  this  deviation  (if  real)  might  plausibly  lie  in  the 
inadequacy  of  the  assumption  that  all  functional  groups  in  the  d 
interphase  influence  wetting  equally32,33  or  in  the  existence  of  a  low 
energy  process  (perhaps  small  reorientations  of  th  jnctional  groups) 
that  influences  the  contact  angle  but  occurs  more  jpidly  than 
diffusion  of  the  functional  group  into  the  polymer.  In  any  event,  the 
experimental  data  can  be  fitted  to  eq  11  approximately  at  the  interval 

0  <  erf-1  y)  <  3^75  (^^at  is,  0  <  fcos  a  <  0*8),  and  the 

observed  deviations  are  not  unexpected. 

Figure  7  shows  the  time  required  to  reach  the  half-point  in  the 
reconstruction  process  as  a  function  of  the  temperature  at  which  the 
reconstruct! '-I  was  carried  out.  In  practice,  the  half-time  was 
defined  as  tne  time  required  to  reach  =  80®,  80®  being  the  half 
point  in  the  change  in  cos  9^  (30®  =  cos'l  [(cos  55®  +  cos 
103® )/2]).  The  error  bars  were  estimated  by  determining  the  time 
required  for  the  contact  angle  to  reach  77®  and  33°  (these  numbers 
being  at  the  limit  of  our  experimental  precision  (j^3®)  from  the  mid¬ 
point  of  80°).  For  the  type  of  qualitative  analysis  in  which  we  are 
interested,  it  is  not  essential  that  9^  =  80®  correspond  to  the 
precise  half-point  in  the  reconstruction:  it  provides  a  reference 
value  with  which  the  rates  of  reconstruction  can  be  compared. 
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Figure  7.  Top:  Dependence  of  the  half-time  of  reconstruction 
(ti/2)  of  PE  -CO2H  on  temperature.  The  half-time  is 
defined  as  the  time  required  to  reach  9^  pH  1  =  80“ • 
Bottom:  Dependence  of  the  calculated  diffusion 
coefficient  D  on  1/T  (derived  from  data  in  the  upper 
portion  of  the  figure  using  eq  13  and  the  assumption 
that  Xq  =  5  A) .  The  solid  line  is  the  least  squares  fit 
to  the  data  determined  at  T  <  60  “C.  The  dashed  line  is 
the  least  squares  fit  to  all  of  the  data.  The  slopes  of 
these  lines  indicate  activation  energies  of  50  and  37 
kcal/mol ,  respectively. 
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The  lower  plot  in  Figure  7  shows  the  temperature  dependence  of  D 
(estimated  from  eq  13).  This  equation  gives  0  in  terms  of  the 
parameter  Xg.  we  do  not  have  an  independent  measure  of  this 
parameter,  but  we  use  a  val ue  of  xe  =  5  ^  =  5  x  10"^  cm  in  order  to 
obtain  a  numerical  estimate  for  D  for  comparison  with  other  diffusion 
constants.  It  is  unlikely  that  X9  is  greater  than  10  A  (see  below) 
and  physically  unreasonable  that  it  be  less  than  1  with  this 

estimate,  0  ^  4  x  10"23  cm^/sec  at  room  tempera  ''9,  and  D  =  5  x  10"^^ 
cm2/sec  at  100 

The  value  of  is  independent  of  the  choiae  of  xg  (eq  15). 

The  data  in  Figure  7  do  not  fit  a  single  straight  line  over  the  entire 
range  of  temperatures.  We  suspect  that  the  estimates  of  D  are  too  low 
at  temperatures  above  60  °C  because  the  time  required  to  equilibrate 
the  sample  at  these  temperatures  is  comparable  to  tjy2  (5  min).  The 
activation  energy  indicated  by  a  least  squares  fit  to  the  data  at 
T_<60  ”0  is_E^^Qj^50  kcal/mol ;  a  least  square  fit  to  al  1  the  points 
yields  kcal/mol . 

These  activation  energies  are  large  compared  with  activation 
energies  for  diffusion  of  small  molecules.  For  examples,  the 
activation  energies  for  the  diffusion  of  methyl  bromide  and 
isobutylene  in  low-density  polyethylene  film  are  14  and  18  kcal/mol 
respectively  at  20-60  *’0;^^  those  for  behenyl  behenate 
(CH3(CH2)2oC02(CH2)2lCH3)  are  23  and  7.5  kcal/mole  in  semicrystalline 
(40-110  °C)  and  molten  (110-160  ”0)  polyethylene  respectively. 36 
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the  Nature  of  the  Interfacial  Groups 
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Figure  3  shows  the  contact  angle  of  water  (pH  1)  on  a  nuinber  of 
derivaties  of  PE-CO2H,  PE[R],  as  a  function  of  the  interval  of  time 
the  polymer  had  previously  been  heated  at  100  °C  in  vacuum. 
Reconstruction  is  slower  for  interfaces  having  lower  interfacial  free 
energies  (higher  values  of  d^)  than  PE-H  than  for  those  having  higher 
interfacial  free  energies  than  PE-H.  We  have  not  followed  the 
reconstruction  of  each  of  these  interfaces  in  the  detail  with  which  we 
have  followed  the  reconstruction  of  PE-C02H*  We  note,  however,  that  a 
brief  examination  of  several  of  them  indicates  that  although  the  form 
of  the  reconstruction  is  similar  to  that  observed  for  PE-CO2H,  the 
rates  of  reconstruction  can  be  significantly  different.  For  example, 
we  compared  (Figure  9)  the  ESCA  F^j  signal  intensity  for 
PE[CH20C0CF2CF2CF3]  over  a  time  period  comparable  to  that  described 
above  for  the  reconstruction  of  PE-CO2H  (1000  min,  100  ®C).  This 
intensity  decreases  only  slightly  over  an  interval  of  time  in  which 
nearly  all  functinal  group  contributions  are  lost  from  the  XPS  sample 
depth  for  PE-CO2H.  The  retention  of  significant  quantities  of  the 
fluorinated  esters  in  the  near  surface  region  of  the  film  is  also 
consistent  with  the  contact  angle  data  described  above  (Figure  3); 
note  that  the  contact  angle  with  water  is  significantly  larger  than 
that  of  PE-H  even  after  annealing  PE-02C( CF2)2CF3  at  100  °C  for  1000 
min.  Qualitatively,  these  interfaces  also  show  a  high  temperature 
dependence  of  the  rate  of  reconstruction.  For  example,  at  72  °C 
PE[CH20C0CF2CF2CF3]  shows  no  significant  change  in  contact  angle  after 
300  minutes  of  heating  (for  comparison,  the  rate  of  reconstruction  jf 
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Figure  8.  Dependence  of  the  advancing  contact  angle  of  water  (pH 
1)  on  the  time  of  heating  (100  “C,  vacuum)  for  various 
derivatives  of  PE-C02H*  The  upper  figure  contains  data 
for  samples  wtih  a  lower  interfacial  free  energy  (higher 
9^)  than  PE-H.  The  lower  figure  contains  data  for 
samples  with  a  higher  interfacial  free  energy  (lower  0^) 
than  PE-H.  In  both  cases  the  data  for  PE-H  are  depicted 
by  a  continuous  line  (0^  on  PE-H  remains  unchanged  at 
103"  during  heating).  For  each  sample,  the  contact 
angle  at  t  =  0  is  indicated  in  parentheses. 


Che  3  interphdse  of  PE-C32H  is  approximate! y  ten  times  faster  at 
130  than  at  ^2  “C) .  Another  interesting  example  of  tne  fjnctional 
grojp  Jependence  of  the  rate  of  these  reconstructions  is  shown  in 
Figure  3  for  a  strongly  acidic  interfacial  carboxylic  acid, 

PE-02C( CF2) 3CO2H.  After  1000  min  at  100  °C,  a  nearly  70%  reduction  in 
the  fluorine  content  of  this  surface  has  been  effected.  Tne  rate 
profile  of  this  process  also  appears  to  be  complex;  its  rate  is 
intermediate  between  the  rates  of  reconstruction  determined  by  XPS  for 
PE-CO2H  and  PE-02C( CF2)2Cf^3*  intriguing  to  speculate  that  the 

trifl uoropropyl  spacer  in  PE-32C( CF2)3C02H  may  somehow  contribute  to 
the  observed  intermediate  stability  of  this  derivative,  but  no 
evidence  presently  supports  this  speculation.  We  have  also  examined 
whether  preannealing  the  precursor  PE-H  film  influences  the  rate  of 
the  reconstruction  of  PE-C02H  derivatives.  As  shown  in  Figure  9  for 
PE-02C(CF2)3C02H»  ^*^6  effect  of  such  preannealing  on  the  rate  of 
reconstruction  is  negligible. 

Figure  10  plots  the  apparent  diffusion  constant  characterizing 
diffusion  (eq  13,  X9  =  5  A)  as  a  function  of  the  initial  value  of 
cos  (pH  1),  (cos  before  thermal  reconstruction.  The  relative 

values  of  (cos  are  determined  by  (eq  3).  Although  the 

two  are  not  separable,  high  positive  values  of  (cos  (i.e.  low 
values  of  (^19)1)  indicate  a  polar  interface  with  a  high  value  of 
<5y.  Figure  10  indicates  that  there  is  a  correlation  between  D  and 
the  interfacial  free  energy  (especially  interfaces  having 

free  energies  greater  than  PE-H  (that  is,  all  interfaces  more  polar 
than  PE-H)  reconstruct  and  form  PE-H-like  interfaces  at  approximately 
the  same,  relatively  rapid,  rate,  while  interfaces  with  free  energies 
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Figure  9.  Top:  XPS  data  showing  the  relative  surface 

concentration  of  fluorine  in  PE-02C(CF2)2^^3  ^ 

function  of  the  duration  of  heating  at  100  “C  in 
vacuum.  Bottom:  XPS  data  showing  the  relative  surface 
concentration  of  fluorine  in  PE-02C( CF2)3C02H  as  a 
function  of  the  duration  of  heating  at  100  °C  in 
vacum.  The  PE-H  used  in  preparing  the  annealed  sample 
was  obtained  by  heating  at  100  ®C  for  24  h  in  vacuum. 
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Figure  10.  Dependence  of  the  apparent  diffusion  coefficient  (D,  eq 

13,  assuming  =  5  a)  on  the  cosine  of  tne  initial 

contact  angle  (cos  for  the  interfaces  shown  in 

Figure  3.  The  dotted  line  shows  the  value  of  cos  fo 

0 

unfunctionalized  polyethylene  (PE-H). 
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1’,  10,  and  11)  reconstruct  nore  slowly  than  intef^faces  oma’n-ng  tne 
shorter  esters  'n  =  !,  2,  and  3,.  "^he  detailed  the’^iiodyna.n ' .  jf-;-'' 
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f-elatively  rapidly.  We  .onclude  that  Jitferences  n  'ne  ste’"  ,  c  . 
of  the  fluorinated  esters  PE  ^  Ih^OC  3 ,  OF^  --‘inc’-  --la 

groups  having  lengths  simlar  to  the  iho-'t  po'  y  ethy’ene  g'  v.  / 
Je''iaed  esters--is  not  sufficient  to  ac-Ount  f  j'"  tne  /  jw  'Mtes  • 
reconstruction  of  the  fluonnatfOd  est9'‘S.  ^his  .onc'us'in  jjPoj'' 
the  contention  that  the  low  ’nterfacial  free  energies  jt  the 
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j.’/ne’-:  nign’.y  polar'  and  perf  1  jorodecal  i  n  ;  nonpolar), 

^  '.2  snows  tne  oontact  angle  of  water  on  PE-CO2H,  de;-h 

.'.>'0'oeJ  ool  /  otMyl  ene.i ,  and  PElC02C3H^7]  as  a  function  of  tine  in 
:  r.  'e.;  .-at  a-'  at  12D  ^2.  The  films  were  immersed  in  Doilinj  water 
tne  ti  ie  indicated,  removed,  and  immediately  dried  under  a  strean 
a*  ''trogen.  Tne  tnanges  in  contact  angle  with  the  time  of  neating 
j'-e  j’gmficantly  different  from  that  observed  after  heating  under 
i'-gon  jr  /acuum.  Tne  contact  angle  remains  essentially  unchanged  on 
and  ^c.h,  pjt  on  PElC02C3H^7]  the  contact  angle  reaches  the 
sane  .aloe  as  on  PE-H  in  a  few  seconds,  and  after  30  seconds  it  has 
tec  one  tore  nydrophi 1 i c  than  PE-H. 

'nese  results  again  indicate  that  tlie  interfacial  free  energy  is 
'■'portjnt  in  determining  the  course  of  reconstruction.  The  polar 
.aroo«,y'i;  acid  groups  of  PE-CO2H  are  stable  at  the  interface  oetween 
00' and  water  and  do  not  disappear  on  heating.  The  unchanged 
.  jn:a.::  angle  on  PE-H  serves  as  a  control,  and  indicates  that 
Tgrjc'on  of  additives  into  the  polymer  interface  is  not  important  in 
tnese  experiments.  We  attribute  the  decrease  in  contact  angle  on 
reconstruction  of  the  interface  that  maximizes  the 
. ontact  oetween  the  polar  ester  and  ketone  groups  and  tne  water.  An 
a>.ernative  explanation  is  that  some  of  the  interfacial  esters 
experience  hydrolysis,  leaving  polar  hydroxy  groups  on  the  surface, 
'■'e/ious  work,  however,  suggests  that  hydrolysis  of  PE)!C02C3Hg7]  i  s 
s  jw  months'  even  in  1  N  NaOH  at  room  temperature .3 

figure  13  shows  the  course  of  reconstruction  of  these  same 
■nterfjces  m  perf 1 uorodecal i n  at  100  °C.  The  results  obtained  in 
•inese  expe'-inents  are  gual  i  tat  i  vel  y  similar  to  those  observed  for 
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Dependence  of  the  contact  angle  of  water  (pH  1)  on  time 
of  heating  in  distilled  water  (pH  6-7,  100  "C)  for  PE-H 
(extracted),  PE-CO2H,  and  PECCOgCsHiy]. 
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neatmj  in  ^acjun  jr  jnder  drjon:  tne  contact  dOjle  jf  '■ises  )n 

fal’s  on  P£1C02CqH|7  ] ,  and  re-nams  'ne  sane  on  oE-d.  1  e 
i:  IS  possole  that  tne  perf  1  uOf'Odeca’ i  n  is  swelling  tne  inteffaciai 
''jjion  of  tne  filri  to  some  e<tent  .cyclonaxane  and  perfl  jo'-odecal  i  n 
are  niscnle  when  heated,  put  are  not  misciole  at  rootn  tenpe'^at  j^a)  , 

It  is  clear  that  heating  PE[P]  in  contact  with  a  nonpolar  liqjid  is 
qualitatively  sinilar  to  heating  with  no  contacting  liquid  phase. 
Figure  13  also  shows  that  first  heating  PE-CO28  ih  water  for  5  nin 
does  not  significantly  influence  the  rata  of  reconstruction  oosarved 
while  subsequently  heating  in  perfl uorodecal i n .  Thus,  the  factor  that 
leads  to  the  stability  of  the  hydrophilic  interface  of  PE-CO2H  while 
heating  in  water  does  not  prevent  this  interface  from  reconstructing 
if  later  heated  in  contact  with  a  nonpolar  liquid. 


Recovery  of  Interfacial  Functional  Groups  That  Have  Migrated  into  the 
Polymer  by  Trapping  at  the  Interface  between  Polymer  and  Water 
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Polar  groups  appear  to  be  stable  at  the  interface  between  PE-CO2H 
and  water  at  100  °C:  We  observe  no  migration  into  the  polymer 
interior.  We  hypothesized  that  it  might  be  possible  to  "recover" 
polar  groups  that  had  migrated  into  the  sub-a  interphase  by  heating 
the  functionalized  polymer  in  contact  with  a  polar  liquid.  To  test 
this  hypothesis,  we  first  prepared  a  series  of  samples  of  PE-CO2H 
whose  functionalized  interfaces  were  partially  reconstructed  by 
heating  at  73  °C  in  vacuum  (this  temperature  was  chosen  for  the 
reconstruction  rather  than  100  ®C  to  give  us  better  control  over  the 
extent  of  reconstruction).  The  contact  angle  of  water  (pH  1)  was 
measured  on  these  materials.  They  were  then  iiimersed  in  distilled 


Figure  13.  Dependence  of  the  contact  angle  of  water  (pH  1)  on  time 
of  heating  in  perfluorodecal in  (100  ®C)  for  PE-H, 
PE-CO2H,  and  PE[C02C8Hi7].  The  figure  also  shows  the 
data  for  PE-CO^H  that  had  been  treated  in  water  (pH  6-7, 
100  “C,  5  min,  then  dried)  prior  to  heating  in 
perfluorodecal in. 


water  (pH  6-7)  at  100  °C  for  some  interval,  removed,  dried,  and  t-ie 
contact  angle  of  water  remeasured.  Figure  14  (top)  suimiarizes 
results.  In  each  case,  a  part  of  tne  polar  character  of  tne  interface 
lost  hy  heating  in  vacuum  is  recovered  during  heating  in  water,  if 
the  period  of  heating  in  water  was  extended  to  30  min,  no  further 
decreases  in  6^  were  observed. 

Similar  results  were  obtained  if  the  initial  heating  was  carried 
out  at  100  °C  (Figure  14,  bottom),  or  in  contact  with  perfl uorodecal i n 
(at  100  °C) .  In  all  experiments,  the  more  extensive  is  the  initial 
reconstruction  of  the  interface  by  heating  in  vacuum  or  in 
perfl uorodecal in,  the  smaller  the  ability  to  recover  the  CO2H  groups 
that  migrated  from  the  0  interphase  into  the  sub-0  interphase  (Figure 
15). 

These  experiments  establish  that  the  thermal  interfacial 
reconstruction  is  partially  reversible.  The  similarity  in  the  results 
obtained  for  interfaces  reconstructed  in  vacuum  at  100  °C  and  73  °C 
and  in  perfl uorodecal in  suggests  that  the  interfaces  obtained  by 
reconstruction  in  these  processes  are  all  very  similar. 

Depth  Profiling  during  Reconstruction:  XPS  Does  Not  Give 
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Interpretable  Information 
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To  locate  the  functional  groups  during  reconstruction,  we  desired 
a  technique  that  would  indicate  the  depth  of  the  functional  groups  in 
the  interface  to  within  a  few  %.  XPS  is  potentially  applicable  at 
this  resolution.  For  an  ideal,  flat  solid  sample,  the  angle  between 
the  plane  of  the  sample  surface  and  the  detector  influences  the  depth 
sensitivity  by  determining  the  path  length  of  the  ejected  electrons 
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Figure  15.  The  contact  angle  of  water  (pH  1)  on  samples  of  PE-CO2H 
after  treatment  in  hot  distilled  water  (pH  6-7,  100  °C, 
30  sec)  as  a  function  of  the  contact  angle  prior  to 
heating  in  water.  Prior  to  the  treatment  in  water, 
samples  were  partially  reconstructed  by  heating  in 
vacuum  at  78  or  100  °C  or  by  heating  in  perfl uorodecal in 
(100  “O,  to  attain  the  various  values  of  9,. 
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through  the  overlying  material.^®  By  varying  this  angle  it  is 
sometimes  possible  to  determine  a  depth  profile  of  functional  gcoups 
in  the  interfacial  region. 

The  sensitivity  of  XPS  is  usually  assumed  to  drop  o^f 
exponentially  with  depth  into  the  sample  ( eq  16,  where  I(x)  is  the 
intensity  detected  fro.ii  groups  at  depth  x  into  the  sample  and  a  is  tne 
electron  mean  free  path  in  the  material  of  interest. 

I(x)  =  I^exp(-x/M  (16) 

Multiplying  the  number  of  functional  groups  of  a  particular  type 
at  depth  x  and  time  t  by  the  intensity  expected  from  groups  at  that 
depth  gives  the  signal  intensity  as  a  function  of  x  and  t  (eq  17). 
Integrating  this  intensity  over  all  depths  gives  the  total  intensity 
as  a  function  of  time  (eqs  18-20).  Substitution  of  eq  1  into  eq  20 
gives  eq  21,  which  can  be  simplified  to  eq  22  where  erf  is  the  error 
function  and  erfc(x)  =  1  -  erf(x).31 


I(x,t)  =  I(x)N(x,t)  (17) 

I(t)  =  /*  I(x,t)dx  ;13) 

I(t)  =  .' *  I(x)N(x,t)dx  ;i9) 

I(t)/Io  =  exp(-x/')  N(x,t)dx  (20: 

I(t)'I^  =  l/(’'Dt)^^^  "  exp(-x/ '‘lexpl-x^/aot)  (.21) 


mvm,  vinvumiui  'ui^^ji  v 


■r 
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;t;':^  =  exp(Dt/'^)::  -  erf(  (ot)"' ; 


:22 


=  exp^Dt/'^)[erfc(  (Dt;  ‘  ^  '  •■  ) 


E-^uj-.ion  22  indicates  that  as  \  decreases  '.oy  jsiny  lavz-anyle 
take-off,  for  example)  the  decrease  in  I(t)/Ig  with  time  for  a 
particular  reconstruct! on  process  becomes  more  rapid.  In  particular 
when  I(t)'Ig  =  0.5  (half  of  the  signal  has  disappeared!,  eq  22  is 
satisfied  v/nen  Dt/A^  =  3.53  (eq  23). 


Dt 


1/2 


/^2 


/X 


0.53 


:23! 


Equation  24  relates  the  apparent  mean  free  path  ^x')  of  the 
electrons  ejected  from  a  planar  surface  to  the  actual  mean  free  path 


and  the  take-off  angle 


30 


sin  e. 


24; 


0t^^,2/(x  sin  =  0.58 


,25) 


w 

If,  for  example  x  =  35  A,  then  the  apparent  mean  free  path  a' 
would  be  34  A  at  a  75°  take-off  and  only  12  A  at  a  20°  take-off.  As  a 
consequence,  the  half  time  (tj,^*  ^q  25)  of  the  change  in  signal 
intensity  should  be  approximately  3  times  longer  at  a  take-off  angle 
of  I'5°  than  at  20°. 

Figure  16  shows  the  relative  intensity  of  the  XPS  signal 

1  j 

intensity  [I(t)/Ig]  for  PE[C0NHCH2C02H]  samples  after  heating  at 


130  °C  in  vacuum.  Spectra  were  obtained  at  75°  and  20°  take-off 


l(t)/lo 


PE-CONHCH  ^COOH 


75  take-off 


20°  take-off 


100  200  300  1000 


t  (min) 


Figure  16.  The  XPS  signal  intensity  remaining  (I{t)/Io) 

PE[C0NHCH2C02H]  as  a  function  of  the  time  of  heating 
vacuum  (100  °C).  Samples  were  analyzed  at  take-off 
angles  of  =  20  °  {  Q  )  and  ay  =  75“  (  Q  ). 
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anglas.  Tne  data  in  this  figure  snow  only  a  snail  difference  oetwec-- 
the  rates  af  decrease  of  the  signal  intensity  at  tne  two  ta«.e-jt‘^ 
angles.  Ae  attrioute  this  Jiscrepency  oetween  expen  nent  ano  tne 
P'-edict’on  of  eg  25  to  the  rougnness  of  tne  po  1  yioer- ^a:  j j n 
interface.  We  oelieve  that  our  sa.nples  are  guite  rougn'^  ant  tnat  tne 
increase  in  a'  is  not  as  great  as  predicted  due  to  tnis  '-oughness. 

We  conclude  that  wnile  low-angle  XPS  is  niore  surface  selective 
than  nomal  spectroscopy  conducted  at  high  take-off  angles,  detail  eo 
interpretation  of  tne  increased  selectivity  is  impractical  due  to  ou'" 
limited  knowledge  of  the  polymer  interfacial  morphol ogy . 

Eguation  23  can  Oe  used  to  estimate  the  diffusion  constant  3,  if 
a  value  is  assumed  for  k.  If  we  assume  \  =  35  then  D  =  3.9  x 

10'*^  cm^/sec.  This  value  is  similar  to  that  estimated  oy  contact 
angle  on  this  same  natenal  (D  =  5  x  10’^^  cm^/sec;  Figures  3  and 
assuming  x,  =  5  A) . 


In  the  absence  of  a  direct  analytical  tool  capable  of  following 
the  nigration  of  functional  groups  out  of  the  ^  mterphase  du'-ing 
reconstruction,  we  have  obtained  information  using  an  indi'-ect 
tecnnigue  based  on  measurement  of  contact  angle  following  cnaui^a' 
nodification  of  functionality  in  the  suo-i  mterphase.  we  '•'mbC  j'  jw 
the  interface  of  PE[CH2'3H]  to  reconstruct  tnennally  m  vacuum 
various  lengths  of  time,  this  reconstruct' on  's  car'-’e-i  m  oast  m-" 
point  at  which  the  interface  has  become  1 ndi st 1 ngu’ snaol  e  by  .ontam. 
angle  from  that  of  PE-H:  that  is,  all  the  hydroxyl  groups  nav-o 
ni  grated  out  of  the  mterpnase.  'he  buried  -lydruyl  g-'jjps,  .<'!■  •! 
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io  MJt  tnensel/es  -nfijence  the  :ontict  ^n^’e  y' ’  es 

jr-e  then  arD,ve.J  to  '■ea.t  w'tn  pe-'^’ j  j'-- niteo  ann^t-'  '-s  '■  j  .  '  . 

1  ■ '  r  e  'vn t  .  jj '■  ja  1  </  i  .  na  ’  a  '  en^j  t ns  .  t  ne  a nn  /  ;  ’■  ■  ; -as  •.•  ■ 
j  j  t  ’  ent '  /  :ne  ^'.j'-'nitel  '.a’'  w  -■'..-n:  • -le 

interpnaae  anj  ■hf  '  jen..e  'he  :  jn*a>-t  an^  ,  *  ‘  ne 

anhyJ'"iaaa  a>'e  too  sno'"*;  jf'  '*  tne  j'')jp3  a'"*  :j;  ‘a-^  ■  ■  «  •  ■ 

■  htenpnasj,  tne  ^ '  jO'"  i  natet  ta''s  wi  not  'n^^ien^e  tn^  j^ta.' 
an j ■ e . 

'ijjre  \  snows  tne  .ontao  .  an^’e  aose-'^eo  ‘  wate'"  p-'  .  j'- 

SiiTipies  oOta'neJ  Dy  neafnq  ^  j''  <d'‘'0jS  'en^ths  j»'  •  •  ne  an: 

then  a.yiat'nj  the  OjrieJ  nyjrjuyl  jraaps  w'tn  e'the'"  t  ‘ '  j  ,  •■  ja  .  e*  '  _ 
nexaf  ’  ^o^oD  jtym  : ,  or  per*"  ’  oo-- jq;  tano ' .  annyj'-'ie.  •■■jj-'e  ■  as., 

snows  tne  :ontaet  anj^e  on  these  •'ec onst r j^ted  'nte''^a>.es  j*  .. 

heTone  reaction  with  the  anhyari.ies  -  .03°  ^ar  '  e^.ept  tna*  r 
t  =  0  anreconst''Li>-ted ,  --  ’h°  .  After  5-2t;  I'n  neat -ny.  •  n- 

nyiro«.y'  j'‘0'jps  have  nitrated  ojt  of  tne  -  ■nte’"pnase,  ^-n,.^  •  ne 
-ontact  anj'e  on  these  sanpies  ^s  ’  nd  •  st '  njj' shaD  e  ^’■jn  tna'  * 
ano^-Ji^ed  polyethylene.  After  these  nyjrony’  jrjjp^  na,g  n,ae'' 
acy'ateJ,  the  vyettinij  p''operties  )f  the  samples  .hanae  •id'"ve;  y.  .e 
'"jr  the  shortest  anhyd-'-de  the  .ontact  an>^le  's  nea--' v  as  .;n  i  ,  - 

tne  jhreconstr ui.  ted  interta^.e  a^te*'  •‘ea'tt’jn  yv'tn  :ne  yane 
annyjmje,  "nis  S'mi'j’"'.^  -n  wef'nj  p-nopert'es  ^..yjes'y  ’nat  : 

y'jmfi.ant  proportMn  )♦  •  ne  nyl'-j^y'  ^i'Mjps  a’e  .e-y  .  se  *  •■■ 

■'i'e''jnase  2-n  i  and  ‘na*  ■•.en  ■  ne  ,’i  irt  ta’  •*■  •  np 
t'"*  jjroa-etate  este'"  ’ at.  e  t;  ■►ya,  n  vp  '  nt  )  "n  ,  n’e'p'\ay.'  t’'' 

'  n  f  '  jeni.e  yyet  t  ■  n.) . 


»'  •*»"•'**  •  *  * 

W-  W-  ^ 
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-^:er  ’  }'ijer  periods  of  neating  (60  min)  the  shorter  esters 
_  1'"  :t  ■'ea:n  '.ne  ■  inter-phase  (although  an  ATR-IR  peak  at  1790  cm'- 
■/ r.  JO  '  ’  ines  tnat  f’ >jOri  noted  esters  are  present).  The  longer  esters 
-r,  still  reach  tne  d  interpiiase  and  influence  wetting,  .-.e 

oe'. 'e.e  .ndt  in  these  samples  many  of  the  hydroxyl  groups  are  located 

0  O 

'C'e  tnan  j  ;  ojt  less  than  10  A  deep  (Figure  17).  After  very  long 
".eating  t’les  IDOO  mm)  even  the  longest  perfl  uori  noted  asters 
"tljence  the  wetting  properties  only  slightly,  and  the  siiorter  ones 
na^e  no  influence  at  all.  This  result  is  consistent  with  the 
utse'"vation  that  after  these  long  neating  periods  polar  groups  have 
'a'-gely  jisappeared  from  the  region  of  the  interface  examined  by 
In  this  latter  case  the  majority  of  the  hydroxyl  groups  are 
P'-sDdoly  more  than  10  A  deep. 

'hesa  acylation  reactions  are  fully  reversible  by  treating  the 
samples  with  1  N  NaOH.  In  all  cases,  this  treatment  results  in  an 
mterface  with  wetting  properties  indistinguishable  from  that  before 
atylat’  on  . =  103°).  The  annydride  can  then  be  used  to  reacyl  ate 
tne  still  Duried  hydroxyl  groups:  the  resulting  materials  have  the 
^ane  contact  angles  as  the  initially  formed,  esterified  interface. 

'he  reversibility  established  by  this  experiment  is  important  in 
demonstrating  that  the  reaction  between  the  hydroxyl  groups  and  the 
anhydrides  does  not  itself  reconstruct  the  interface:  If  reaction 
W'tn  the  anhydride  had  brought  the  hydroxyl  moiety  up  into  the  a 
’ntrf'"pnase,  tnen  upon  hydrolysis  the  interface  should  have  had  a 
-ontact  angle  significantly  lower  than  the  observed  103°.  Since  the 
contact  angle  observed  after  hydrolysis  of  the  ester  moieties  was 
indistinguishable  from  that  obtained  before  acylation  of  the  buried 


-35- 


nyjrjxyl  gro'jps,  we  infer  that  no  reconstruction  has  taken  place 
e’tner  acylation  or  hydrolysis. 

-  fel  iteJ  type  of  aKperi('':ent  can  be  carried  out  using  an 

j  that  reacts  with  the  buried  hydroxyl  groups  and  generates  a 

yi'-opnilic  interphase  (e.g.  perfl  uorogl  utaric  anhydride).  Acylation 
unreconstructed  PE[CH20H]  with  this  anhydride  produces 
■.H2JC0(  CF2)3C3pH] ,  a  material  that  is  similar  in  its  hydrophi  1  ici ty 
t  j  3E-:J2^  exists  at  pH  5  as  the  more  hydrophilic 

.jrnoxylate  anion. ^  Figure  13  shows  the  contact  angle  (pH  6)  on  these 
uterials  as  a  function  of  the  time  of  heating  the  PE[CH20H]  at  100  °C 
•  1  /acjjn  before  treating  it  with  the  anhydride.  Again  it  is  clear 
-.nat  tne  CO2H  groups  introduced  into  the  interphase  by  this  acylation 
e*tend  mto  the  a  interphase  and  influence  the  contact  angle,  even 
wren  the  hydroxyl  groups  of  PECCH2OH]  are  themselves  unable  to  do 

,3.  ’’he  change  in  the  contact  angle  as  a  function  of  the  time  used  in 

'."le  thermal  reconstruction  is  qualitatively  similar  "o  that  observed 
* -jr  the  hydrophobic  ester  in  experiments  involving  /lation  with 
je^fl uorobutyric  anhydride.  The  ability  of  both  hycrophilic  (-CF2CF2CO2H) 
md  '■/drophobic  (-CF2CF2CF2)  esters  to  influence  wetting,  suggests  that 
p.freme  hydrophobic! ty  is  not  responsible  for  their  ability  to  influence 
wetting  when  the  hydroxyl  groups,  to  which  they  become  attached,  do  not. 

/.e  note,  however,  that  the  acid-containing  interface  generated  by 
i  . lotion  with  perfluoroglutaric  anhydride  may  itself  reconstruct  on 
p'C^'jiire  to  water,  in  a  process  driven  by  solvation  of  the  carboxylate 
,p-rn  fsee  Figure  1);  this  reconstruction  may  result  in  CO2H  groups 
dooming"  into  the  9  interphase.  The  interpretation  of  experiments  involving 
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perfl  uorojl  Litaric  anhydride  is  thus  less  clear  than  those  involving 
acylation  with  tne  hydrophobic  anhydrides. 

Reconstruction  Followed  Jsing  a  Fluorescent  Dansyl  Group 

In  a  previous  paper,  we  described  synthetic  methods  that  attach 
the  dansyl  [5- ( di'iethyl  aini  no)  naphthal  ene-l-sul  fonyl  ]  group  to  the 
functionalized  interface  of  PE-CO2H  and  its  derivatives  (Scheme  I).^ 

The  dansyl  probe  has  two  useful  properties  that  can  be  used  to  study 
the  reconstruction  of  PE[dansyl]  during  heating;  the  fluorescence 
emission  maximum  and  the  quenching  of  fluorescence  upon  protonation  of 
its  dimethylamino  moiety. 

The  anission  maximum  of  dansyl  is  a  function  of  the  dielectric 
constant  of  the  surrounding  medium  (or  more  generally,  of  some 
function  of  the  local  polarity).  In  water,  for  example,  the  dansyl 
group  has  =  560  am  (yellow)  and  in  hexane  it  has  ‘ 

(blue).^  From  the  emission  maximum  exhibited  by  PE[dansyl]  in  contact 
with  water  we  have  concluded  that  the  local  dielectric  constant  in  the 
functional  interface  of  PE[dansyl]  is  low  (e  >  6  to  10).^ 

Reconstruction  of  PE[dansyl]  should  allow  the  dansyl  groups  to  migrate 
into  the  polymer  film.  Examination  of  a  sample  of  PE[dansyl] 
thermally  reconstructed  in  vacuum  or  in  contact  with  a  liquid  phase 
and  then  examined  in  contact  with  water  should  give  an  independent 
measure  of  the  polarity  of  the  water/ pol ymer  interface  after 
reconstruction. 

Figure  19  shows  the  emission  maximum  of  PEidansyl]  in  distilled  | 

water  (pH  6-7)  as  a  function  of  the  time  of  heating  at  100  "C  under  ] 

I 

various  conditions;  in  vacuum,  in  contact  with  distilled  water  (pH  1 


0  20  40  60  80 


t  (min) 

19.  The  emission  maximum  (A^ax*  ^OP)  P£l/2  (bottom)  of 
PE[dansyl]  (PECC02H]CC0NH-dansyl])^  as  a  function  of  the 
time  of  heating  (100  ®C)  in  various  solvents.  Samples 
were  removed  from  the  solutions  in  which  they  were 
heated  and  were  examined  at  room  temperature  in 
distil  led  water. 


5.6),  in  1  N  HCl ,  and  in  1  N  NaOH.  Heating  in  vacuum  clearly  results 
in  a  shift  in  the  emission  naximum  to  shorter  wavelength,  suggesting 
that  the  probe  inoves  to  a  less  polar  environment,  as  expected.  The 
smaller,  but  still  significant,  decrease  in  Vnax  heating  in 

distilled  Kater  is  useful  in  understanding  the  mol ecul ar- seal e 
phenomena  governing  the  reconstruction  process.  The  dansyl  groups  of 
PE[dansyl]  are  attached  to  only  approximately  SOVj  of  the  carboxylic 
acid  moieties  originally  present  in  PE-C02^*  ^  sample  of  PEfdansyl] 

being  heated  in  water  thus  contains  one  dansyl  group  for  every  five 
other  polar  functionalities  (carboxylic  acids  and  ketones).^  The 
ketone  and  unreacted  carboxylic  acid  groups  are  more  polar  than  the 
dansyl  group  and  thus  the  interfacial  free  energy  between  the  film  and 
the  aqueous  phase  will  be  lowest  when  these  polar  groups  are  in  the  a 
interphdse,  not  when  the  less  polar  dansyl  groups  are  present. 

The  dansyl  group  can  be  made  to  be  more  polar,  however,  by 
reconstructing  the  functionalized  interface  of  PE[dansyl]  under 
conditions  where  the  dansyl  group  is  either  protonated  at  the 
dimethyl  ami  no  moiety  (1  N  HCl)  or  is  deprotonated  at  the  sulfonamide 
moiety  (1  N  NaOH).  Under  these  conditions  the  dansyl  groups  should  be 
more  hydrophilic  than  unionized  dansyl  groups  and  perhaps  more 
hydrophilic  than  carboxylic  acid  or  ketone  groups.  The  observation 
that  reconstruction  of  PE[dansyl]  under  these  conditions  does  not 
result  in  a  decrease  in  (Figure  19)  supports  this  hypothesis. 

If  the  charge  on  the  dansyl  groups  rather  than  ionic  strength  or 
some  related  factor  is  the  cause  of  the  difference  between 
reconstruction  of  PECdansyl]  in  water  and  in  acid  or  base,  the 
reconstruction  should  result  in  dansyl  groups  moving  away  fran  the  o 
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interphase  at  any  pH  at  which  the  dansy’  moieties  are  not  charged, 
'figure  20  shows  the  anission  naxiinun  of  the  dansyl  group  of  samples  of 
PEldansyl]  ;in  distilled  water)  as  a  function  of  the  pH  of  water  in 
winch  the  simple  had  been  heated  for  60  sec.  This  figure  also  shows 
the  contact  angle  on  a  similar  (untreated)  surface,  containing  dansyl 
groups,  as  a  function  of  pH.  Toe  drop  in  in  the  lower  plot  at 
values  of  pH  above  9  and  below  2  has  been  previously  demonstrated  to 
result  respectively  from  the  deprotonation  of  the  ArSO^NH^  group  and 
the  protonation  of  the  ArN(CH3)2  group,  respectively,  of  the  dansyl 
noiety.^  The  excellent  correlation  between  the  emission  maximum  after 
heating  in  water  and  the  contact  angle  observed  for  interfaces 
containing  dansyl  groups  supports  the  hypothesis  that  the  migration  of 
dansyl  groups  away  from  the  a  interphase  is  prevented  when  the  dansyl 
moiety  is  charged  (and  thus  very  hydrophilic)  but  is  not  prevented 
when  the  dansyl  moiety  is  uncharged. 

Another  useful  feature  of  the  dansyl  probe  is  the  completeness 
with  which  its  fluorescence  can  be  quenched  by  protonation  of  the 
dimethyl  amino  moiety.^  In  aqueous  solution,  the  pj^  of  the  dansyl 
group  is  3.6,  while  attached  to  the  interface  the  pJ^/2  ’S  1.2  (the 
P—1/2  defined  as  the  value  of  solution  pH  at  which  the  fluorescence 
is  half  quenched;  it  is  equivalent  to  pj^  except  that  the  protonation 
of  interfacial  groups  does  not  always  exhibit  the  simple  relationship 
between  pH,  pj^,  and  the  degree  of  ionization  exhibited  by  molecules 
in  solution).^  We  have  attributed  the  decreased  basicity  of  the 
interfacial  dansyl  groups  of  PE[dansyl]  to  the  low  dielectric  constant 
in  the  interfacial  region. ^  Reconstruction  of  the  interface  of 
PE[dansyl]  can  thus  be  monitored  in  two  additional  ways:  the  pj^/2 
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PE(C02  H][CONH-dantyl] 


Figure  20.  Top:  Dependence  of  the  emission  maximum  on  the 

pH  of  the  solutions  in  which  PE[dansyl]  ( PE[C02^^][C0MH- 
dansylj)^  was  heated  for  60  sec  at  100  "C.  Samples  were 
rinsed  and  analyzed  in  distilled  at  room  tanperature . 
Bottom :  Dependence  of  the  water  contact  angle  on  the  pH 
of  the  aqueous  drop  on  untreated  PE[dansylJ 
(PE[C02CH3][C0NH-dansyl  J ) .^ 
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f-econstructed  PELdansyl]  in  contact  with  water  can  be  determined  and 
light  oe  expected  to  decrease  as  the  dansyl  groups  migrate  into  the 
bu!x;  the  ability  to  quench  all  ^or  only  some)  of  the  dansyl  groups 
after  reconstruction  would  yield  information  concerning  the  access  of 
the  migrated  surface  groups  to  aqueous  protons. 

Figure  19  shows  the  PJii/2  PE[dansylj  in  contact  with  water  as 
a  function  of  the  time  of  reconstruction  under  various  conditions  at 
100  °C.  The  results  parallel  those  obtained  for  the  during 
neating:  in  vacuum  tne  Pj<,j/2  shifts  to  lower  values;  in  water  the 
Pll/2  shifts  slightly,  but  not  as  much  as  those  heated  in  vacuum; 
samples  heated  in  1  N  NaOH  or  1  N  HCl  do  not  exhibit  a  shift  in  the 
Piil/2  later  examined  in  water.  This,  the  hypotheses  that  the 

dansyl  groups  nigrate  into  the  polymer  during  heating  in  vacuum  or 
water,  but  not  when  heated  in  water  under  conditions  where  the  dansyl 
groups  are  charged  and  thus  very  hydrophilic,  is  supported  by  this 
experiment . 

The  fluorescence  emitted  from  dansyl  moieties  in  all  samples  can 
be  completely  quenched  in  50%  (w/w)  H2SO4.  The  fluorescence  emitted 
froim  dansyl  cadaverine  nonsel ecti vely  adsorbed  deep  into  the  film  from 
toluene  solution^  is  not  quenched  by  this  or  any  strength  of  sulfuric 
acid  up  to  98%.  Thus,  all  of  the  dansyl  groups,  even  after 
reconstruction,  are  accessible  to  aqueous  protons.  This  latter  result 
IS  consistent  with  the  observation  that  CO2H  groups  that  had  been 
allowed  to  migrate  into  the  polymer  were  still  accessible  to  aqueous 
hydroxide  ion  (Figure  3). 


Reconstruction  of  Other  Types  of  Interfaces 

In  order  to  determine  if  the  types  of  reconstruction  observed  for 
PE-CO2H  are  relevant  to  otner  types  of  functionalized  polymers,  we 
nave  examined  the  wetting  properties  of  several  related  systems. 

Figure  21  shows  the  change  in  the  contact  angle  of  water  on  ultrahign 
nolecular  weignt  polyethylene  that  had  been  oxidized  in  a  nanner 
similar  to  that  used  for  PE-H.  The  resulting  material,  UHMW-C02ri^ 
appears  to  reconstruct  in  a  manner  similar  to  that  observed  on  the 
low-density  film  PE-CO2H,  though  the  rate  of  reconstruction  is 
significantly  lower.  A  brief  survey  also  suggests  that  the  interfaces 
of  materials  made  by  chromic  acid  oxidation  of  nylon  and  polyester 
also  become  hydrophobic  on  heating.  Figure  21  also  shows  similar  data 
for  the  reconstruction  of  polypropylene  and  polyethylene  that  had  been 
treated  with  an  oxygen  plasma  (forming  PPP  and  PPE,  respectively). 
These  interfaces,  too,  appear  to  reconstruct  in  a  manner  analogous  to 
that  observed  for  PE-C02l^* 


Summary  and  Conclusions 

The  functionalized  interfaces  of  PE-CO2H  and  derivatives 
reconstruct  when  heated  sufficiently  to  cause  mobility  of  the  polymer 
chains.  This  section  su:mmarizes  a  number  of  conclusions  concerning 
the  mechanism  of  thermal  reconstruction. 

1 )  The  wetting  properties  of  the  interface  of  PE-COpH  and 
derivatives  change  during  thermal  reconstruction.  Xi fg  ^nd 

direction  of  the  change  depends  on  the  nature  of  the  contacting  phase 
(vapor  or  liquid)  and  the  type _ of  functional  g roups  present  in  the 
interface.  The  change  in  wettability  of  the  polymer  reflects 
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Figure  21.  Dependence  of  the  contact  angle  of  water  (pH  1)  on  the 
time  of  heating  for  PE-CO2H  and  0^  plasma-treated 
polypropylene  (PPP)  and  polyethylene  (PPE) 
(reconstructed  at  78  “C  in  vacuum),  and  for  UHMW-CO2H 
(ultra-high  molecular  weight  polyethylene  oxidized  with 
chromic  acid;  reconstructed  at  72  ®C  in  vacuum). 
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r'epldcenent  jf  so<ne  jr  dll  of  :ne  fjnctundl  '  n  '.ne  ^ 

interpridse  witn  netnylene  j''japs  f^o«n  tne  Oj OJ  /iO''.  "ne 
■we.'.ing  oiidrdcte'"’ St  1  cs  td^es  pldce  jr-Je''s  jf  id^n  :  .je  -d^te''  v.d'i 
.nonjes  detected  oy  \?S  at  eitner  no-'Odi  jf  ’  o,.  j'ij'e  *j^e-cr*  . 
ittripjte  this  difference  to  tne  extre<ne  Surface  se' ’'c :  i  .  ■  t,»  j*-' 
v/ett  1  nj  '  see  Del  owl  • 


2)  7ie  rate  of  reconstruction  increases  witn  '1'^ 


J 


activation  energy  is  approx  1  nate!  y  jQ  K.cdl  ;nol  .  At  ''oon  te-npe'-dt  j-'e , 
the  functionalized  interface  is  stable  for  nontns  or  years,  at  '.30  1 

It  is  stable  only  for  ninutes.  The  rate  of  '-econstruct i  on  jr  -.ne 
interphase  changes  by  nore  tnan  si<  orders  of  nagnitude  over  tms 
'•ange  in  temperature.  The  rate  rougnly  follows  Arrhenius  behavior 
over  the  range  T  =  20-60  vJhen  T  60  °C,  the  rate  of 
reconstruct  1  on  is  slower  tnan  expected,  perhaps  because  tne  --ate  of 
reconstruct i on  is  comparable  to,  or  faster  than,  the  rate  of  neat'nj 
of  the  sample.  Tne  observed  value  of  ^  i s  not  unreasonable  tne 
diffusion  of  small  molecules  through  polyethylene  has  activat’on 
energies  of  10-ZO  <cdl  mol  .  Over  tne  limited  range  of  tenperatures 
fitted  by  the  Arrehnius  equation,  the  apparent  diffus'on  constant  to-- 
the  polar  funct  i  onal  i  ty  is  0  y  2  x  cm^  s'-  at  nJ  ,  assu-vr^ 


^ne  migration  of  tun^jondJ_  groups  away  ^rpi-i  t-ie  interface 
appears  ta  be  Join  mated  by  ninimi  zation  of  tne  interfacial  free  erier^_> 
d_nd  by  d  1 1  ut  1  on  of  the  interfacial  functional  groups  m  tne  poiyner 
interior.  Release  of  residual  strain  in  the  filn  does  not  seem  to  be 


important .  wnen  an  interface  witn  a  nign  interfacial  energy,  su^n  js 
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PE-Cl2'^ ' 'lea-.e;:  -.ne  iysten 
'•econs’;''ucts  and  I’nin’^e^  ‘.ne  '  ac  i  a  ’  f'-ee 

1’ n  V.1!  da:  ’  an  is  a ::  oiiipl  ’  sne:  Dy  '•ep’ai'n;  tn^f  ■n:e'-‘'a:-a  ,'')ias  «■: 

ua'-nylene  ^•'Jjps  f^'orn  :ne  3jW. 

Redaction  of  the  interfacia’  ^-'ee  ene^-yy  a' so  ;)e'-i':s  :no-. 

na;e  oeen  al’jwed  to  Jiffjse  ’nto  tne  oaix.  to  oe  ' ’'e.  ov e-'ea  .  ■  j’- 

enample,  polar  groups  disappear  froi,i  tne  t  interpnase  Jj^'^nj  neafny 
in  vacoom.  Put  can  be  recaptjred  ,in  part;  by  hea  nj  m  wate'*. 

4)  Tne  fanctional  jroups  do  not  mg  rate  fa'  .ri  n  y 

reconstruct  1  on  longer  influence  we:  ny  :  wetting  is 

sensi tive  to  only  the  top  siQ  ^  of  the  f anct i onal i zed  interface  in 
tnese  systems.  __ wejU ] nj._ ] s  app reci ab ly  ,ii ore  sur f ^_e  sens 1 1 1  Je  than 
XP5 .  Experiments  comparing  changes  in  the  contact  angle  witn  ,<ater 
and  the  XPS  signal  intensity  during  reconstruction  of  PE-C02^  indicate 
tnat  contact  angle  is  sensitive  to  a  much  thinner  region  of  tne 
interface  than  is  XPS,  even  with  a  20®  take-off  angle.  In  addition, 
changes  in  the  wettability  of  partially  reconstructed  interfaces  on 
Jerivdtization  of  functional  groups  in  the  sub-a  interphase  suggest 
tnat  groups  n^ed  only  migrate  a  few  %  to  leave  the  d  interphase. 

Thus,  wetting  senses  only  a  few  %  into  the  polymer  and  is,  at  tms 
time,  the  most  surface  select i ve  technique  that  can  be  routinely 
applied  to  these  types  of  materials.  One  implication  of  this  .vor«. 
tnat  the  use  of  XPS  to  study  phenomena  such  as  wetting  and  adnes'on 
will  almost  necessarily  lead  to  ambiguous  results:  for  other  than 
very  smooth  samples,  XPS  does  not  have  the  surface  sensitivity 
required  to  distinguish  the  ^  interpnase  from  the  sub-’i  interphase. 

We  note  that  the  ^  interphase  of  reconstructed  Pt[R]  consists  of 
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Experimental  Section 

General.  All  solvents  .vere  reagent  grade  ard  were  used  as 
’^eceived.  Water  was  distilled  in  a  Corning  Model  AG-ld  glass 
aisti  nation  apparatus.  XPS  spectra  were  deternined  either  on  a 
Physical  Electronics  Model  543  spectrometer  (Mg  X-ray  source,  m- 
aV  pass  energy,  10~3  to  10"^  torr,  machine  calibrated  according  to 
ASTM  GTP  699)  or  a  Kratos  XSAM-300  spectrcsneter  (Mg  K7  X-ray  source, 
neni spheri cal  analyzer)  operated  in  a  fixed  analyzer  transmission  looe 
witn  an  instrumental  resolution  of  1.1  eV.  Angular  dependent  XPS 
spectra  (75°  and  20°)  were  obtained  on  this  latter  instrument. 

Sample  Heating.  Samples  were  heated  in  vacuum  (0.1  -  1  torr'  or 
argon  in  a  drying  tube  jacketed  with  the  refluxing  vapor  of  a  chosen 
solvent  v9.g.,  water  for  100  °C,  methylene  chloride  for  40  °C). 

Samples  neated  at  106  °C  were  heated  under  argon  in  an  oven.  Tne 
samples  were  laid  face-up  on  a  cardboard  holder  and  left  in  the 
chamber  for  the  desired  period  of  time.  These  samples  were  not 
fu'^ther  treated  before  contact  angle  measurement.  Samples  heated  in 
water  were  simply  immersed  in  boiling  water  for  the  desired  period  of 
time.  These  samples  were  removed  and  immediately  dried  under  a  stream 
of  nitrogen  to  prevent  spotting  of  the  surface  by  contaminants  in  the 
water.  Samples  heated  in  1  N  NaOH,  1  N  HCl ,  or  perfl  uorodecal i n  were 
1  ornersed  in  a  tube  of  the  solvent,  which  was  surrounded  by  refluxing 
water  vapor.  Samples  heated  in  perfl uorodecal i n  were  removed  and 
jned  in  a  stream  of  nitrogen;  samples  heated  in  1  N  HCl  or  1  N  Na> 
were  rinsed  several  times  in  distilled  water  and  dried  similarly. 

ATP-IR  Measurements.  Film  pieces  were  cut  to  the  size  of  the 
kPS-5  thallium  bromide/ iodide,  45  °)  crystal  faces  and  pressed 


jjj’Hst  the  faces  with  an  MIR  (Perki n-Elmer)  sample  holder.  Films 

with  1  N  NaOH  (pH  14)  were  blotted  dry  with  filter  paper  and 
jrie.j  in  the  air  for  30  min  prior  to  detenni nation  of  spectra. 

pieces  of  thin  cardboard  the  same  size  as  the  film  pieces 
-nserted  between  the  films  and  the  steel  sample  holder  to 
:  ,t^’bjte  the  pressure  on  the  film  evenly.  Transmission  spectra  were 
-tj  'ied  on  a  Perkin-Elmer  Model  593  spectrometer. 

,ontact  Angle  Measurements.  Contact  angles  were  determined  on  a 
-ne-Hart  Model  100  contact  angle  goniometer  equipped  with  an 
- <  ■ '■ooinental  chamber  by  estimating  the  tangent  normal  to  the  radius 
*  -ne  Jr-op  at  the  intersection  between  the  sessile  drop  and  the 
These  measurements  were  determined  5-20  sec  after 
ijo  •:dtion  of  the  drop.  The  humidity  in  the  chamber  was  maintained 
1  .  JTl  oy  filling  the  v^ells  in  the  sample  chamber  with  distilled 

The  temperature  was  not  controlled  and  varied  between  20  and 
^he  volume  of  the  drop  used  was  always  1  uL.  The  samples  were 
/  • 0  3  3 1 ze  of  0. 5  X  2  cm  and  attached  by  the  back  of  the  sample  to 
1  ,  333  slide  using  two-sided  Scotch  tape  to  keep  the  sample  flat, 
■“ported  values  are  the  average  of  at  least  eight  measurements 
♦--n  jt  different  locations  on  the  film  surface  and  have  a  maximum 


Jf  *3’. 

•^'//ethylene  (PE-H).  Low-density  biaxially  blown  polyethylene 
-  . .m  thick,  0  =  0.92)  was  gift  from  Flex-O-Glas  Inc 

T  3PT-600B).  The  film  was  cut  into  10  x  10-cm  squares, 
es  were  extracted  by  suspending  the  film  in  refluxing 
,  ‘  M  n  to  remove  antioxidants  and  other  film  additives.  The 
...  I'-ied  iHder  vacuum  (20  °C,  0.01  torr,  4  n)  or  in  air 


(20  °C,  4  h)  prior  to  oxidation  to  reTiove  any  residual  sol/ent.  Those 
samples  not  to  be  oxidized  were  stored  under  dry  argon.  In  all  cases, 
experiments  were  performed  on  che  side  of  the  film  facing  tne  inside 
of  the  stock  roll.  Some  samples  v^ere  heated  for  5  days  at  100  °C  in 
vacuum  (0.01  torr),  either  before  or  after  extraction,  to  relieve  so.Te 
of  the  strain  introduced  into  tne  film  during  manufacture. 

PE-CO2H.  PE-H  was  oxidized  by  floating  on  H2SO4/H2O/ Cr03 
(29/42/29;  w/w/w)  at  72  °C  for  60  s.  The  samples  were  rinsed  4  times 
in  distilled  water  and  once  in  acetone,  dried  in  air  for  1  h,  and 
stored  under  dry  argon.  The  samples  are  indistinguishable  from  PE-H 
to  the  unaided  eye.  The  samples  had  a  peak  in  the  ATR-IR  spectrum  at 
1710  cm"l. 

UHMW-COpH.  Ultrahigh  molecular  weight  polyethylene  sheet  (1/3" 
thick,  D  =  0.93  g/mL;  AIN  Plastics  Inc,  Mount  Vernon,  NY)  was  cut 
into  2  X  2  cm  slabs.  These  slabs  were  oxidized  by  floating  them  on 
the  chromic  acid  solution  used  to  oxidize  PE-H  for  2  min  at  72  "C. 

The  slabs  were  removed,  rinsed  several  times  in  water,  once  in 
acetone,  and  dried  in  air.  These  samples  were  not  extracted  prior  to 
oxidation. 

PE-CO2H  was  treated  with  excess  1  M 
BH3-THF  (Aldrich)  at  50  ®C  for  20  h  under  argon.  The  films  were 
rinsed  twice  in  water,  soaked  in  1  N  HCl  for  5  min  and  rinsed  3  times 
in  water.  The  carbonyl  ATR-IR  peaks  were  absent  and  a  new  peak 
appeared  at  3350  cm"^.  This  material  also  contains  secondary  hydroxyl 
groups  resulting  from  the  reduction  of  ketone  groups:  PE[CH20R]  = 
PE[>CH0R][CH20R].  In  order  to  generate  PE[CH20C0( CF2)nCF3] ,  PE[CH20H] 
was  allowed  to  react  with  neat  (!CF3(CF2)nC0]20  (Lancaster  Synthesis, 
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just  enough  to  cover  the  film  surface)  for  13  h  at  roo^n  temp.  The 
films  were  rinsed  5  times  in  methanol,  2  times  in  acetone,  and  twice 
in  water.  The  ATR-IR  spectrum  (of  n  =  0)  showed  new  peaKS  at  1790 

vCFjC02'^).  1165,  and  1225  cm“^  (C-F).  PE[CH20Hj  v^as  reacted  with 
stearic  acid  chloride  (Fluka,  5  g)  in  acetone  (50  ml)  containing  5  ml 
of  triethyl  ami ne  for  13  h.  The  film  was  removed,  rinsed  in  nethanol , 
water,  acetone,  and  hexane,  and  dried  in  air  to  form 

PE[CH20C0(CH2)i6CH3].  Alternatively,  to  fonn  PE[CH20C0CH2CH2C02H], 
PE[CH20H]  was  treated  with  30  mL  of  acetone  containing  10  g  of 
succinic  anhydride  and  1  mL  of  triethyl  amine  for  1  h.  The  film  was 
rinsed  in  acetone,  water,  and  then  methanol  before  being  dried  in  air. 

PECCH2OH]  was  heated  for  the  desired 
period  of  time  at  100  °C  in  vacuum.  These  samples  were  then  immersed 
in  neat  perfl uorinated  anhydride  (acetic,  butyric,  octanoic,  or 
jlutaric)  for  18  h  at  room  temperature.  These  samples  were  removed, 
dried  in  air,  and  rinsed  in  water  several  times  followed  by  acetone 
once  to  remove  any  residual  anhydride  or  acid.  The  samples  were  again 
dried  and  the  contact  angle  was  determined. 

PE-CO2H  was  soaked  in  30  mL  of  dry  diethyl  ether 
containing  3  g  of  PCI 5  for  l  h  at  room  temperature.  The  film  was 
quickly  removed  and  used  immediately  without  workup  to  minimize 
hydrolysis  of  the  acid  chloride  groups  by  ambient  water  vapor. 

PE[C0C1]  was  put  directly  into  concentrated  NH4OH  for 
20  min,  rinsed  in  water  (5  times)  and  methanol  (twice),  and  then  dried 
in  the  air.  ATR-IR  showed  new  peaks  at  1400  cm"^  (C-N),  3150  cm‘^ 
(NH),  1560  cm-1  (NH),  and  1560  cm"l  (C»0NH);  ESCA  N/0  ratio  «  0.58 
(0.60  expected  for  full  reaction). 
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PE[C0C1]  was  immersed  in  a  2  M  aqueous  solution 
of  glycine  (adjusted  to  pH  10  with  NaOH).  After  lo  min  the  film  was 
removed,  rinsed  in  water  (5  times)  and  methanol  (once)  and  dried  in 
the  air.  ESCA  N/0  ratio  =  0.29  (0.27  expected  for  full  reaction). 

?^t%S2U\2^y2\lny^’  PE[C0C1]  was  immersed  in  the  appropriate 
neat  liquid  poly( ethyl ene  glycol).  Lower  n  values  were  tne  pure 
compounds  (n  =  1  and  2  were  obtained  from  Fisher;  n  =  3  and  4  were 
obtained  fran  Aldrich).  The  higher  n  values  were  molecular  weight 
mixtures  and  the  reported  n  values  are  indicative  of  the  average 
molecular  weights  (n  =  5,  7,  10,  and  14  were  all  obtained  from 
Aldrich).  After  1  h  the  films  were  removed,  rinsed  7  times  in  water 
and  once  in  acetone,  and  allowed  to  dry  in  air. 

PEI^dans^j^.  PE[C0C1]  was  immersed  in  an  acetone  solution  of 
dansyl  cadaverine  (Sigma,  100  mg/5  mL  acetone)  for  5  sec.  The  film 
was  removed,  rinsed  twice  in  acetone,  twice  in  water,  soaked  in  NH4OH 
(sat.)  for  10  min,  rinsed  twice  in  water,  twice  in  methanol,  and 
allowed  to  dry  in  the  air.  This  surface  was  characterized  in  detail 
previously.^  It  (PE[C02H][C0NH-dansyl ])  contains  ketones,  unreacted 
carboxylic  acids,  and  dansyl  amides.  This  material  is,  however,  not 
useful  for  determining  the  ionization  of  the  dansyl  group  (by  changes 
in  the  water  contact  angle  as  a  function  of  pH)  due  to  the  ionizaole 
carboxylic  acids  present.  The  surface  used  to  determine  the  contact 
angle  changes  with  pH  on  a  dansyl-containing  surface  ( PE[C02CH3 J[C0HH- 
dansylj)  was  made  similarly,  except  that  methanol  was  substituted  for 
the  acetone.  This  synthetic  procedure  results  in  an  interface 
cnotaining  ketones,  methyl  esters,  and  dansyl  amides.^  Materials  made 
in  this  manner  were  not  used  in  the  reconstruction  experiments  because 
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of  the  likelihood  of  hydrolysis  of  the  nethyl  esters  percent  jnder 
some  of  the  conditions  anployed. 

PE  -CO2H  was  soaked  in  anhydrous  octyl  alconol 
(50  mL)  containing  sulfuric  acid  (10  mL)  at  40  “C  for  72  h.  Tne  filing 
were  rinsed  in  octyl  alcohol,  water  several  times,  and  nethanol  once, 
followed  by  drying  in  air. 

Plasma-Treated  Polypropylene  (PPP)  and  Polyethylene  (PPE). 
Polypropylene  (1/16-in  sheet,  AIN  Plastics  Inc,  Mount  Vernon,  NY j  and 
unextracted  PE-H  were  treated  with  an  oxygen  plasma  in  a  Harrick 
plasma  Cleaner  model  PDC-23G.  The  samples  were  treated  for  10  and  90 
min  for  PPE  and  PPP,  respectively,  at  the  medium  setting,  at  an  oxygen 
pressure  of  200  torr.  The  samples  were  rinsed  in  ethanol  twice  and 
allowed  to  dry  in  air.  Untreated  PP  had  »  116®  (pH  1);  this  value 
was  reduced  to  57®  after  plasma  treatment.  PE-H  had  a  contact  angle 
of  103®,  which  was  reduced  to  53®. 
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roughness  during  heating.  Thus,  variable  take-off  angle  YPS 
could  not  be  used  to  determine  depth  profiles  in  an  unjmoigjous 
manner  on  our  samples,  even  if  V  were  known  precisely,  we  note 
also  that  after  1000  min  the  Nj^  signal  disappears  entirely, 
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Scheme  I, 


Figure  1, 


Figure  2. 


Reactions  used  to  nodify  the  inierfice  of  polye. Mylene 
film  (PE-H) . 

Top:  The  advancing  contact  angle  of  water  on 

PE-CO2H  -35  a  function  of  the  time  the  polymer  nad  oeen 
heated  at  100  “C.  Samples  were  heated  m  vacuum  or 
under  argon  prior  to  determination  of  using  water  at 
either  pH  1  or  pH  13.  The  value  of  on  PE-H  does  not 
change  under  these  conditions.  Bottom:  The  normalized 
XPS  (ESCA)  0^.  signal  intensity  obtained  fro.n  ^E-C02H  as 
a  function  of  time  at  106  °C.  Samples  were  heated  under 
argon  prior  to  examination  by  XPS. 

ATR-IR  spectra  of  the  carbonyl  region  of  derivatives  of 
PE-H.  Since  absolute  absorbances  are  influenced  by  nany 
experimental  parameters  (e.g.  the  degree  of  contact 
between  the  film  and  the  KRS-5  crystal),  only  rel ative 
peak  intensitives  within  a  single  spectrum  can  be 
quantitatively  compared. 
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!^igure 


Fi gure 


Figure 


Figure 


9.  Top :  XPS  data  showing  the  relative  surface 
concentrati  on  of  fluorine  in  PE-02Cx  CF2  '  j 
function  of  the  duration  of  heating  at  100  ^1 
vacjun.  Bottom :  XPS  data  snowing  the  -'elaf 
concentration  of  fluorine  in  PE-02C(  OF, ;  2*^ Do-" 
function  of  the  duration  of  heating  at  100 
vacuum.  The  PE-H  used  in  preparing  the  annea 
was  obtained  by  heating  at  100  °C  for  24  n  ’n 

10.  Dependence  of  the  apparent  diffusion  coeffic' 

13,  assuming  =  5  a)  on  the  cosine  of  tne  ' 
contact  angle  (cos  for  the  interfaces  sn 

Figure  3.  The  dotted  line  shows  the  value 
unfunctionalized  polyethylene  (PE-Hl. 

Top:  Representative  data  for  the  contact  an, 
(pH  1)  on  PE[C02(CH2CH20)nH]  as  a  function  j* 
the  polymer  had  been  heated  (100  °C,  vacuum  . 
contact  angle  on  each  interface  prior  to  neat 
is  indicated  in  parentheses.  Botton :  ^ne 
ti/2  (the  time  required  for  hal  f-reconst’ .r.  t 
=  0.5,  eq  5)  and  t^QQ  (the  time  ’^equi'-ec  * 
100°)  on  the  number  of  nonomer  units 

PE[C02(CH2CH20)nH].  Values  of  t;  2  ' 

determined  from  curves  of  the  type  ’ 
of  the  figure. 

12.  Dependence  of  the  contact  angle  of 

of  heating  in  distilled  water  pn  ti-  , 
(extracted),  PE-CO2H,  and  PE^lJj  ' 


eyenjeoce  of  the  contact  angle  of  water  (pH  1)  on  time 
*  'nj  in  perf  1 -jorodecal  in  (100  °C)  for  PE-H, 

V.  ml  PE[C02C^Hp].  The  figure  also  shows  the 
Cl  ‘  ir  pr.  that  had  been  treated  in  water  (pH  6-7, 
.  0  I'n,  then  dried)  prior  to  heating  in 
,  j-  i-le^-al  ’n  , 

^  ♦‘O'mience  of  the  contact  angle  of  water  (pH  1)  on 

^  .>  'leit’ng  in  distilled  water  (100  °C,  pH  6-7) 

.mpies  that  had  previously  been  heated  in 
'm  ^afious  lengths  of  time.  Bottom : 

■  1  •  m,  water  ;  pH  1)  as  a  function  of  the 

•  •  •' c  PI- )2'^  vacuum  (100  “C)  prior  to 

•  •  .-  •■'ed  water  100  “C,  pH  6-7,  30 

•  .  ‘  wa*-*--  pM  ;  on  samples  of  PE-CO^H 

■  >-1  water  pH  6-7,  100  '’C, 

'  '  *'•'  1','  ang  »  prior  tO 


•'ll*  "  water. 
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Figure 


Figure 


Figure 
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17.  Schematic  illustration  of  depth  profiling  using  contact 
angles.  P£[CH20Hj  is  first  allowed  to  reconstruct 
(100  °C,  vacuum)  for  various  lengths  of  time  (left). 

The  "buried"  -OH  groups  are  allowed  to  react  with 
perfl uorinated  anhydrides  of  various  sizes  (center  and 
right).  The  contact  angle  (H2O,  pH  1)  is  determined  on 
these  interfaces  to  test  the  character  of  the  6 
interphase.  The  contact  angle  of  water  on  unoxidized 
polyethylene  is  103°. 

18.  Depth  profiling  using  contact  angles  as  described 
schematically  in  Figure  17.  The  contact  angle  (after 
reaction)  is  monitored  as  a  function  of  the  time  of 
heating  of  PE[CH20H]  (100  °C,  vacuum)  prior  to  reaction 
with  perfl uorinated  anhydrides. 

19.  The  emission  maximum  top)  and  pJ^/2  (bottom)  of 

PECdansyl]  ( PE[C02H3LC0NH-dansyl ] ) ^  as  a  function  of  the 
time  of  heating  (100  °C)  In  various  solvents.  Samples 
were  removed  from  the  solutions  in  which  they  were 
heated  and  were  examined  at  room  temperature  in 

d 1  St  1 1  1 ed  water . 

20.  ''_J£  Oependence  it  me  t*nission  naximum  on  trie 

it  me  ■.j  i"in-,  I 'I  wni'.n  t^'  ^lansyl;  '  Pt .  i.  J2'^  i -  -  *'*^ * 

'.f'  .i  m  .  *  I’  j  ,e<  a'.  .  j  j  wt"  i- 

, •* ;  !'»;  »'!.i  >.'•*!  >•'3  j’  •  >  jn  ’  1  r  j '  <* . 
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Figure  21. 
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Dependence  of  the  contact  angle  of  water  (pH  1)  on  the 
time  of  heating  for  PE-CO2H  and  O2  pl <isma- treated 
polypropylene  (PPP)  and  polyethylene  (PPE) 
(reconstructed  at  78  °C  in  vacuum),  and  for  UHMW-CO2H 
(ultra-high  molecular  weight  polyethylene  oxidized  with 
chromic  acid;  reconstructed  at  72  “C  in  vacuum). 
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